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Dipartimento di Chimica, UniVersità di Perugia, Via Elce di Sotto 8, 06123 Perugia, Italy,
and Istituto per le Tecnologie Chimiche, UniVersità di Perugia, 06125 Perugia, Italy
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Measurements of total integral cross sections for scattering of nitrogen molecules by Xe atoms in the glory
collision energy range (40-600 meV) are reported under two different experimental conditions, using either
a rotationally “hot” (most probable levelsJ ) 8, 9) effusive beam of nitrogen (obtaining information on the
isotropic component of the interaction potential) or rotationally “cold” N2 seeded beams emerging from
supersonic expansions (obtaining quantitative information on rotational alignment of molecular nitrogen).
The scattering results presented in this paper allow us to establish that the recently reported phenomenon of
the strong correlation between the degree of collision-induced alignment and the speed of the molecules
within a supersonic seeded velocity distribution, as previously observed for the first time in molecular oxygen,
also occurs for the case of nitrogen molecules. Alignment parameters are reported for both theortho and
para forms of nitrogen, which are cooled down in the seeded supersonic expansion process to their lowest
rotational levelsJ ) 0, 1, 2.

I. Introduction

In previous work reported from our laboratory,1 we have
described in detail how supersonic expansions of gaseous
mixtures of molecular oxygen in lighter carrierssseeded mo-
lecular beamssnot only lead to acceleration of the molecules
and to cooling of their internal degrees of freedom but also
represent a natural and facile technique for obtaining alignment
of molecular rotations.2 A striking result has been that such an
alignment effect, remarkable for all studied carrier gases (in
particular for H2, He, Ne, and their mixtures), depends drastically
on the final speed to which molecules are accelerated, so that,
for any seeded supersonic expansion, fast molecules are much
more highly aligned than slower ones. Such conclusions opened
up the way to prepare molecules with well-defined velocities
and alignment ratios by adjusting the mixture composition of
carrier gases. Our previously cited studies suggested that
collisional alignment is a complex phenomenon, which is
determined by the high number of collisions among diatomic
molecules and carrier gas atoms in the very early region of the
expansion,i.e., where the supersonic beam is formed; it should
show up every time there is an anisotropic interaction between
the molecule and the seeding carrier gas and should be a general
phenomenon, particularly for diatomic molecules other than O2.
A similar effect on alignment has been recently observed in
mobility measurements for N2+ ions in helium.3

Subsequently this collisional alignment technique has been
used4 to perform scattering experiments (at thermal energies
corresponding to the glory region for total cross sections)
between oxygen molecules with a controlled alignment and rare
gases (Xe and Kr). In such experiments sizeable differences
for both the smooth component of cross sections and the glory
interference patterns were observed as the alignment degree was
varied. These observations are of interest for two main
reasons: first of all, they represent a clear evidence of the fact
that total integral cross section data, being sensitive to the

molecular alignment, can provide information also on the
anisotropic part of the intermolecular potential between projectile
molecule and target gas atom; second, they prove that scattering
experiments can be exploited as a probe of the molecular
alignment when the interaction is known. This probe can be
of very general applicability and involves no use of the magnetic
analysis technique, which has been employed for the paramag-
netic case of O21 but which is clearly inapplicable for most
molecules, which are diamagnetic.
Here we report similar scattering experiments with Xe atoms

performed with supersonic seeded beams containing another
diatomic molecule, nitrogen, which exhibits properties (polar-
izability and anisotropy, bond length,etc.) quite similar to
oxygen and for which an alignment effect comparable to the
latter can be expected.
In section II we describe the experimental apparatus used

for scattering measurements and in section III a detailed
description is reported concerning the analysis of total integral
cross sections measured by using a rotationally “hot” (most
probable levels:J ) 8, 9) effusive beam of N2 and Xe as
scattering partner. This experiment, which corresponds to a
situation where the nitrogen molecule is rotating so fast that an
average over orientations is seen by the collision partner, gives
information on the spherical (or isotropic) component of the
interaction,V0(R), only dependent on the intermolecular distance
R. Section IV is devoted to the description and the analysis of
results obtained by using “cold” supersonic seeded beams of
nitrogen (J ) 0, 1, and 2). In particular section IV.A presents
data on the average values of total integral cross sections and
how to extract information on collision-induced alignment of
rotational angular momenta in the beams originated by the
seeded expansion; in section IV.B theoretical considerations are
developed on how to express the alignment degree for low
values of the magnitude of the rotational angular momentum
vector, and results for the discrete analogues of multipole
moments coefficients are reported for rotational levelsJ ) 1
and 2 of N2. Finally, section IV.C deals with data analysis of
the glory pattern shift in total integral cross sections and with
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the extraction of information on the leading term of the
anisotropic part of the interaction in N2-Xe, Vanis(R,Θ),
dependent on bothR and the angleΘ between the molecular
axis and the direction of approach of collision partners.
Conclusions will follow in section V.

II. Experimental Section

II.A. The Apparatus. The experimental apparatus (see
Figure 1) employed for the measurements described in this paper
is the same as used for the O2 rotational alignment study1 and
scattering experiments with polarized beams.4 It consists of a
set of differentially pumped vacuum chambers where the
molecular beam emerging from the source, which can operate
under effusive and supersonic conditions, is velocity selected
with a resolution of∼5 % (FWHM) by a set of eight rotating
slotted disks, before entering into the scattering chamber. The
on-line beam intensity after the scattering region is measured
by a quadrupole mass spectrometer. The length of the beam
path and the dimension of the defining slits provide the stringent
angular resolution needed to measure true quantum integral cross
sections. The measurements of total (elastic+ inelastic) integral
cross sections are performed through the attenuation of the
velocity selected beam as it crosses the scattering chamber, filled
with the target gas (Xe in the present case) in the typical pressure
range of 10-2-10-3 Torr and cooled down to liquid or solid
air temperature, to decrease the quenching of the glory interfer-
ence by the thermal motion of the target gas. Liquid air is
introduced in a cryostat attached to the scattering chamber and
solid air is produced by a near-adiabatic evaporation of the liquid
by pumping at sufficiently high speed. The cryostat tempera-
tures, which have to be kept very stable in time during the
measurements, are monitored by a thermocouple and found to
correspond to target gas temperatures of∼90 and∼70 K for
liquid and solid air cooling, respectively. Under these conditions
the selected N2 beam velocityV practically coincides with the
collision velocity of the N2-Xe system in the center of mass
frame.
II.B. Procedure. Two different types of total integral cross

section measurements have been carried out:
(i) Cross section measurements in the thermal energy range

as a function of collision velocityV for the N2-Xe system using
a rotationally hoteffusive beam of N2: in these experiments,
an effusive beam of nitrogen is produced by expanding pure
N2 (source pressure∼3 Torr) from a nozzle 1.0 mm in diameter;
electrical heating wires around the nozzle permit heating of the
source (by Joule effect) up to a temperature of 530( 5 K. Using
this source, a nearly effusive beam can be produced with N2

molecules in the ground electronic state1Σg
+ but presenting a

hot rotational temperature (300-500 K) and a broad velocity
distribution, which allows cross section measurements in a wide
velocity range,i.e., from 580 to 2230 m‚s-1. Such a procedure
permits us to obtain a more stable beam with respect to a
previously used microwave discharge source5 and avoids also

the presence of metastable nitrogen molecules, which are
produced in small concentration in microwave discharges.
(ii ) Cross section measurements for the N2-Xe system, using

rotationally cold nitrogen molecules obtained in the expansion
of supersonic seeded beams: the procedure consists of producing
supersonic seeded beams of molecular nitrogen using as carrier
gases Ne, He, and H2, either pure or in mixtures whose
compositions are varied to cover a wide range of peak velocities
Vmax, from 800 to 2300 m‚ s-1. An example of velocity
distributions obtained using different carriers is reported in
Figure 2, where only four different distributions are shown (see
also Table 1), but we actually have used about 20 different gas
mixtures to adequately cover the whole velocity range. In this
case, cross section data are measured as a function of the
collision velocityV and for different compositions of the seeding
gases, which lead to narrow beam velocity distributions, each
one characterized by its peak valueVmax. A key parameter in
these experiments is the ratioV/Vmax between the selected
velocity V and the measured peak velocityVmaxof each seeded
beam.
We recall that1 magnetic analysis ofparamagneticoxygen

molecules in seeded supersonic beams has proved a cor-
respondence between theV/Vmaxratio and the alignment degree;
therefore, the use of different mixture compositions of carrier
gases, to control theV/Vmax ratio, has allowed us to measure
cross sections as a function ofV, at specified values of the
alignment degree. Previous collisional experiments with su-
personic seeded beams of O2

4 have shown that total integral
cross sections, and their velocity dependence, are sensitive
tosand therefore, can be an indirect probe ofsmolecular

Figure 1. Experimental apparatus: a schematic view.

Figure 2. Measured velocity distributions of supersonic beams of N2

seeded in various carrier gases with variable mixture compositions.
Twenty such mixtures have been employed in this work; only four are
reported in this figure. Relevant parameters (the peak velocities of the
distributionsVmaxand the final translational temperaturesTf ), as obtained
from a best fit of the measured velocity distributions using formulas
appropriate for supersonic seeded beam26 (full curves), are reported in
Table 1.

TABLE 1: Features of the Velocity Distributions of Four
Typical Supersonic Molecular Beam Expansions Used in
This Experiment and Reported Also in Figure 2

seeding gasa Tf,b K Vmax,c km‚s-1

H2:He) 1:1 2.5( 0.1 2.08
He 2.0( 0.1 1.55
He:Ne) 1:1 2.4( 0.1 1.1
Ne 2.5( 0.1 0.75

a The composition of all the mixtures is 2.5% N2, and the total source
stagnation pressure is 500 Torr for the H2:He mixture and 800 Torr
for all the other seeding gases. The nozzle diameter is∼0.1 mm and
the source temperature has been kept constant to=290 K. b Transla-
tional temperature, as obtained from the velocity distributions.c Peak
velocity.
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alignment, and this has allowed us to characterize the anisotropic
intermolecular potential between O2 and target atoms, such as
Kr and Xe.
Here we apply the same procedure todiamagneticN2

molecules and measure cross sections, as a function of the
collision velocityV at differentV/Vmax ratios, in order to probe
the molecular alignment by its effect on scattering cross sections,
in a case where magnetic analysis is ineffective. An estimate
of the anisotropic interaction at long range between N2 and Xe
will be instrumental to this purpose. In particular we measure
cross sections for each mixture at four different velocity ratios
V/Vmax (0.95, 1.0, 1.05, and 1.1) chosen to be the same as for
the O2 system,4 correlated, in the latter case, to four different
alignment degrees.
The supersonic seeded beams used in these experiments show

a final translational temperatureTf (see values reported in Table
1) lower than 3 K. Because of collisional relaxation during
the expansion, N2 molecules are expected to have very cold
rotational and vibrational temperatures, and in particular the
rotational temperature will not be much higher than the final
translational temperatureTf. This has also been pointed out in
connection with similar experiments on seeded molecular beams
of oxygen,6 and numerous previous studies on supersonic seeded
beams of N27 found rotational temperaturesTr in the range 4-9
K, which is quite close to our estimate.
To evaluate the rotational distribution in our supersonic

seeded beams, we have to explicitly take into account the nuclear
statistics that applies for nitrogen molecules. Since the nuclear
spin is 1 for14N, homonuclear14N2 molecules exist in separate
ortho (with total nuclear spinI ) 0 or 2) andpara (I ) 1 )
forms;8 in the ground electronic state (1Σg

+) two-thirds of the
molecules are in theortho form and populate only even (J )
0,2,...) rotational levels, and 1/3 are in thepara form and
populate only odd (J) 1,3,...) rotational levels (see upper panel
of Figure 3). The calculated populations of rotational levels
for Boltzmann distributions, as a function of rotational temper-
ature in the range 0-20 K, are shown in the lower panel of
Figure 3; it can be concluded that under present conditions
(rotational temperatures not much higher than 3-4 K) only the
rotational levels corresponding toJ ) 0, 1, 2 are populated.
The determination of their relative populations and possible
alignment,i.e., nonstatistical distribution of components of the

rotational angular momentumJ alongV, will be one of the goals
of the following.

III. Total Integral Cross Sections from an Effusive Beam
and the Spherical Component of the Interaction,V0 (R)
Total integral cross sectionsQ(V) for scattering of a rota-

tionally “hot” effusive beam of N2 (case (i) in previous section)
by Xe atoms are reported in Figure 4, as a function of collision
velocity V in the range 580-2230 m‚ s-1. As usual they are
plotted asQ(V)V2/5 to emphasize the glory interference pattern,
which provides information on the interaction potential features
of the collisional complex. Analogous cross section results have
been previously measured by using an effusive nitrogen beam
produced from a microwave discharge source;5 present data are
obtained under better experimental conditions (greater stability
of the beam and absence of metastable nitrogen molecules,
which were instead present in small concentration in the
microwave discharge). Assuming Boltzmann distributions of
N2 rotational states, it is found that at 300 K, an estimated lower
limit of the rotational temperature of N2 in the beam, the most
populated levels areJ) 6 and 7 respectively inorthoandpara
forms, whereas at 500 KJ ) 8 and 9 are correspondingly the
most probable levels. Under such conditions the average
rotational cycle takes 1.2× 10-12 s (300 K) and 0.9× 10-12 s
(500 K). These values have to be compared with the typical
collisional times, estimated as 8.0× 10-10/V s (8.0× 10-10 m
represents the average intermolecular distance covered by the
projectile during the collision), which vary from 1.4× 10-12 s
to 0.4× 10-12 s in the collision velocityV range of the present
experiment. Taking into account that inelastic transition prob-
abilities are small when high rotational states are involved, that
during the collision of a homonuclear diatomic molecule one-
quarter of a full rotation is sufficient to average the intermo-
lecular interaction, and that, in effusive beams, N2 molecules
are not only rapidly rotating but also randomly oriented, we
can assert that the present scattering data are mainly affected
by the spherical average of the full potential energy surface,
namely, by theV0(R) component of the interaction.
As in previous papers9 we use the MSV (Morse-spline-

van der Waals) parameterization to represent this isotropic
interaction component, and standard computation techniques are
used for elastic cross section calculations in the glory velocity
range.10 The MSV parameterization, expressed by scaling for
locationRm and depthε of the potential well:

Figure 3. Energy level diagram for the lowest rotational states (J )
0, ..., 5 ) of N2(

1Σg
+) in both theortho andpara forms (upper panel).

In the lower panel, populations are presented for each rotational level
as a function of temperature in the range 0-20 K assuming a Maxwell-
Boltzmann distribution.

Figure 4. Scattering of a rotationally “hot” effusive nitrogen molecular
beam by Xe. Total integral cross sectionsQ(V) multiplied by V2/5 to
emphasize the glory pattern (see eq 6) are plotted as a function of
collision velocityV. The dashed curve is calculated assuming scattering
by a single potential energy curve, corresponding to the isotropic
(spherical) interactionV0(R); see Table 2 and section III.

x ) R
Rm
, f(x) )

V0(R)

ε
(1)
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is the following:

The â parameter, which defines the well shape of the
potential, is fixed at 6.5 as characteristic of these van der Waals
forces;11 x1 andx2 are chosen, as for other previous cases,9 in
the neighborhood of 1.1 and 1.5, whileb1, b2, b3, and b4s
the spline parameterssare automatically fixed by imposing
that the functions must have the same value and the same
derivative atx1 andx2. Since the long range constantC6 are
obtained from the absolute value of the measured total inte-
gral cross section, with the procedure described in ref 10
and summarized in the next section, onlyε andRm are left
as parameters to be varied in order to obtain the best agree-
ment between calculated and measured cross sections. The
potential parameters for the spherical interactionV0, so obtained,
are reported in Table 2. Values are in very good agree-
ment with previous results:5 however, because of the higher
accuracy achieved by using the present effusive source, the
quoted uncertainties on potential parameters (determined
from the experimental errors on the glory extrema positions)
are considerably lower than before. Total cross sections, first
calculated in the center-of-mass reference frame and then

convoluted in the laboratory system, are plotted as the
dashed line and compared with the experimental results in
Figure 4.

IV. Total Integral Cross Sections from Supersonic Seeded
Beams

As noted above (case (ii ) of section II.B) the N2 molecules
emerging from seeded supersonic expansions are rotationally
cooled and only the lowest rotational levels are populated (J )
0, 1, and 2). These levels show a smaller energy separation
and a longer rotational cycle than those typical of the previous
case. Under such conditions the rotational angular momentum
exhibits a strong spatial quantization and could be also
preferentially aligned orthogonally to the flight direction.
Therefore scattering data measured with such beams are most
sensitive to the features of the full potential energy surface and
particularly to the anisotropy.
Total integral cross sections for scattering of N2 as a function

of collision velocity V, measured atV/Vmax ) 0.95, 1.00,
1.05, and 1.10, are reported in Figure 5. The observation is
made that with increasingV/Vmax scattering results, when
compared with those of the previous section (dashed lines
in Figure 5), present both an increase in the average absolute
value of the cross sections and a shift in the location of
the glory extrema. Both effects are of the same extent as the
ones observed in the case of O2-Xe system.4 This result
can be taken as a manifestation of the alignment of N2

molecules in supersonic seeded beams which, as previously
observed for the O2 case, increases as a function ofV within
the same beam. The following analysis, based on the measured
increase of the absolute value of the cross sections and on an
estimate of the long range behavior of the potential energy
surface for the N2-Xe system from the polarizability aniso-
tropy of N2 molecule, provides quantitative information
on the rotational alignment of N2 (sections IV.A and IV.B;
obtained ranges for the relevant alignment parameters will
be wide enough to account for uncertainties in such an esti-
mate). Moreover, the observed shifts in the glory inter-
ference pattern depend on both the alignment degree and
the anisotropy of the interaction potential at intermediate
intermolecular distances. Solid lines in Figure 5 represent
cross sections calculated by using the obtained alignment
parameters, an assumed interaction anisotropy, and an ap-
proximate treatment of the dynamics of N2-Xe collisions (see
section IV.C).
IV.A. Evidence of Rotational Alignment from Its Effect

on the Average Scattering Cross Sections.To analyze the
effects shown in Figure 5, the collision dynamics is treated
following an adiabatic representation in the coupled states
framework, developed in our laboratory.12 This representation
considers the centrifugal energy, due to the effect of the impact
parameter and decreasing asR-2, as a diagonal term, and the
collision is described as evolving along effective adiabatic
potentials, obtained by properly taking into account molecular
rotations and the electrostatic interaction potential. According
to this description, nonadiabatic transitions, which are respon-

Figure 5. Total integral cross sections, as in Figure 4, for scattering
of rotationally “cold” supersonic seeded beams of molecular nitrogen
by Xe, at four different values of theV/Vmax ratios (see section IV).
Dashed lines are for scattering byV0(R), as in the previous figure. Dotted
lines are from an IOS calculation; solid lines are calculated according
to the “adiabatic” scheme with nonadiabatic coupling as described in
section IV.C. In each panel the correspondingQh (V)s (the “smooth”
component, see section IV.A) are reported, multiplied byV2/5 (dotted-
dashed lines).

Morse

f(x) ) exp[-2â(x- 1)] - 2 exp[-â(x- 1)]

for xe x1 (2)

spline

f(x) ) b1 + (x- x1)b2 + (x- x2)[b3 + (x- x1)b4]

for x1 < x< x2 (3)

van der Waals

f(x) ) -( C6

εRm
6)x-6 for xg x2 (4)

TABLE 2: Potential Parameters for N2-Xe Spherical
Interaction V0(R): MSV Parameterization as Described in
the Text and Uncertainties in Parentheses

ε, meV 13.70( 0.55 (4%)
Rm, Å 4.05( 0.08 (2%)
â 6.5
x1 1.1
x2 1.55
C6, meV‚m6 (1.07( 0.075)× 10-55 (7%)
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sible for inelastic events, are localized in restrictedR ranges of
relevance for the shift of the glory pattern, to be discussed in
section IV.C.
Effective potential curves, labeled by the rotational quantum

numberJ and its helicityM (i.e., projection ofJ along the
velocity directionV ), are obtained by full diagonalization of
the secular equation along the lines of12 assuming a model for
the interaction. The curvesVJM(R) reported in Figure 6 are
actually those corresponding to the final best fit of our analysis.
For the analysis of measured smooth components of cross

sections, which are the focus here for their important information
content on the alignment in the beam, an accurate close formula
for VJM can be derived from a perturbation expansion around
the librating rotor limit.12

Following a semiclassical view of molecular scattering from
a single potential energy curve in the glory energy range, the
elastic integral cross sectionQ(V) as a function of the relative
collision velocityV can be written as10

whereQglory(V) is an oscillatory term andQh (V) is the smooth
(average) component of the cross section to which phase shifts
associated with large impact parameters mainly contribute. The
latter essentially depends on the long range part of the
interaction, and in the case of a purely attractive potential-Cs/
Rs it can be expressed as13

whereh is the Planck constant and theg(s) coefficient is given
in terms ofΓ functions. Accordingly the measurement of the
absolute value of the average cross sectionQh (V) provides
information on the long range attraction.
The Qh term mainly probes the attractive potential in the

neighborhood of the intermolecular distance corresponding to
the “limiting” impact parameter given by(Qh /2π)1/2 14 (6.5-8 Å
in our case). In this distance range the first term of a multipole
expansion in neutral-neutral systems, namely, the-C6/R6

dipole-dipole term, gives the main contribution toQh . Therefore
the working formula

provides direct information on theC6 potential parameter (Qh is
given in m2 if C6 is expressed in meV‚m6 and the velocityV in
m‚ s-1).
TheC6 so obtained must be taken as an effective dipole-

dipole interaction constant, since it includes smaller contribu-
tions from higher order terms of the multipole expansion.
In the case of an anisotropic potential,Qh (V) can be defined,

in the adiabatic picture, as a weighted sum of contributions
coming from each of the adiabatic potential energy curvesVJM
(Figure 6), the weighting factors being related to the molecular
alignment. Therefore the increase of the measuredQh (V) values,
as a function ofV/Vmax, depends not only on the strength and
anisotropy of the long range attraction but also on the variation
of the molecular alignment degree.
Treatment of the dynamics as evolution along adiabatic

potential energy curves is accurate forQh (V), since at long range
no couplings persist among rotational states. In addition also
the helicity mixing, due to Coriolis forces, can be neglected
here but will be of interest in the following analysis of the glory
interference pattern.
The long range anisotropy in the potential can be expressed

as15

where theC6/R6 term, as seen before, defines the long range
attraction of the isotropic potentialV0; R| andR⊥ are the parallel
and perpendicular polarizabilities of N2, respectively, which also
enter the definition of the mean value of the polarizabilityRj )
(R| + 2R⊥)/3. For this systemC6 has been determined as
discussed in section III by scattering experiments with the
rotationally “hot” effusive beam and its value is reported in
Table 2. For the polarizability anisotropy (R| - R⊥)/3Rj , values
in the literature range from 0.14-0.15 (recent experimental16

and theoretical17 results) to 0.19.18 We have chosen an
intermediate value of 0.17, which is higher than the most recent
results. Actually scattering cross sectionsQh (V) probe intermo-
lecular interactions in a distance range (here 6.5-8 Å) where
the attraction essentially depends on the dipole-dipole interac-
tion but the effect of higher order terms is not negligible. The
relative anisotropy of refs 16 and 17 describes only the effect
of anisotropic dipole-dipole attraction: this leads to an
underestimate of the contributions coming from higher order
terms, as clearly pointed out by Thuiset al.19 for the case of
NO-Xe interaction.
As discussed in section II.B only the rotational levelsJ ) 0,

1, 2 are significantly populated at the rotational temperature
typical of the seeded supersonic beams of N2 used in the present
scattering experiments. Accounting for the allowed helicity
states implies that only six adiabatic potential energy curves
(see Figure 6) are relevant for the analysis of the present results.
Deviations in the long range behavior of the adiabatic curves
VJM from that of the isotropic componentV0 are expected to be
responsible for the variation of the measured absolute value of
theQh (V) component of cross sections, when the population of
JM sublevels is varied. This situation must be contrasted with
that of the experiments described in the previous section, where
molecules were randomly oriented and rotating fast enough to
average their anisotropy, leading to an effective interaction
corresponding to the spherical potentialV0.
The asymptotic behavior of theVJM curves can be accurately

given by perturbation theory of the rigid rotor, as described in
the formulas reported in the appendix of ref 12, here corrected
for a misprint:

Figure 6. Adiabatic potential energy curvesVJM (section IV.C)
describing the interaction between N2 molecule and Xe atom for the
ortho (upper panel) andpara (lower panel) forms. The “spherical”
componentV0(R) is shown as a solid line.

Q(V) = Qh (V) + Qglory(V) (5)

Qh (V) ) g(s)( 2πCs

hV )2/(s-1) (6)

Qh (V) ) (6.039× 105)( C6

V )2/5 (7)

-
C6
anis

R6
= -

C6

R6
(R| - R⊥

3Rj ) (8)
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whereB) 0.2491 meV is the rotational constant of the nitrogen
molecule.8 Curves reported in Figure 7 are calculated by using
the value ofC6 andC6

anis obtained as described above.
In theR range which mainly influences the magnitude of the

cross sections, first and second order terms in eq 9 dominate
and the ratios between the smooth components for scattering
by each of the adiabatic potential curves,VJM, and that for
scattering by the isotropic component,V0, can be calculated as

which in turn gives the fractional deviations defined as

The experimentally measured quantitiesQh , shown as dotted-
dashed lines in Figure 5, are properly weighted averages ofQh JM.
The weightswJM, their determination and particularly whose
deviations from statistical, are the target of the present analysis,
which exploits the following relationship:

The quantity∆Qh represents the shift of the smooth component
of cross sections, which we have measured (Figure 5) at four
values of theV/Vmax ratio and can be obtained by inserting the
results of eqs 9-11 in eq 12.:

The weightswJM, which must add to one, must also satisfy
the nuclear statistics appropriate for nitrogen molecules. In the
present case they must satisfy the conditions

Under statistical conditions (no alignment, see Table 3),∆Qh
can be checked to be zero. The previous formulas allow us to
establish ranges of variation of the weights from their statistical
values when∆Qh is different from zero. Table 3 lists such ranges
for the caseV/Vmax ) 1.10. It has to be noted that the largest
increase in the relative weights is observed for the sublevels
20 and 10, corresponding to molecules rotating in a plane
parallel to the flight direction. The small upper limit forw00

indicates that relaxation to the ground stateJ ) 0, which
corresponds to no alignment, is ineffective. The fourV/Vmax
ratios considered in our experiments show, as in the case of
O2,1 that alignment is negligible at the lowest value, 0.95, where
accordingly we measure∆Qh = 0. The caseV/Vmax ) 1.10
presents the largest∆Qh and therefore corresponds to the largest
alignment effect. This trend is in agreement with the increase
in alignment asV/Vmax increases, first observed in seeded
supersonic expansions of O2.1

IV.B. Quantum-Mechanical Parameterization of Rota-
tional Alignment. The present results on N2 provide data on
molecular alignment which will now be used to obtain alignment
parameters for the rotational angular momenta corresponding
to J ) 1 and 2. For such lowJ states, which correspond to
extreme quantum conditions, it is not appropriate to represent
the anisotropy in theM distribution by the moments of a
classical Legendre polynomial expansion: such an expansion,
used in previous work,2 applies under “semiclassical” conditions,
i.e.. in the highJ limit, since it assumes a continuous distribution
of angular momenta.
A representation for alignment parameters for lowJ values

will now be given, closely related to the usual spherical tensor
description of orientation;20,21to establish the proper normaliza-
tion for the correspondence of the quantum formulation to the
classical highJ limit, our simple derivation makes recourse to
a discretization of the classical expression for the spatial
distribution of the rotational angular momentum vectorJ:

HereNJ is the total number of molecules in the rotational level
J, nJ(θ) is the number of molecules whoseJ vector forms an

VJM(R) ) BJ(J+ 1)-
C6

R6
+

J(J+ 1)- 3M2

(2J+ 3)(2J- 1)(-
C6
anis

R6 ) (9)

+ 9
8(2J+ 1)[(J2 - M2)(J- M - 1)(J+ - 1)

(2J- 1)3(2J- 3)

-
(J- M + 2)(J- M + 1)(J+ M + 2)(J+ M + 1)

(2J+ 3)3(2J+ 5) ]
(-

C6
anis

R6 )21B
+ 3rd order term

Qh JM

Qh 0
) (VJM - BJ(J+ 1)

V0 )2/5 (10)

∆Qh JM ) (Qh JM

Qh 0
- 1) (11)

∆Qh )
Qh - Qh 0

Qh 0
∑
JM

wJM∆Qh JM (12)

∆Qh 2.73w10 - 1.33w11 + 0.14w00 + 1.82w20 +1.00w21 -
1.95w22 (13)

w00 + w20 + w21 + w22 ) 2/3
for theortho form (J) 0 and 2)

w10 + w11 ) 1/3 for thepara form (J) 1)

Figure 7. Long range behavior of the adiabatic potential energy curves
of Figure 6 (see also section IV.A).

TABLE 3: Relative Population wJM of JM Sublevels
Corresponding to Nitrogen Molecules Traveling atW/Wmax )
1.10

JM wJMa wJM
b

1 0 0.26÷ 1/3 0.11
1 1 0.00÷ 0.07 0.22
0 0 0.00÷ 0.18 0.63
2 0 0.31÷ 2/3 0.008
2 1 0.00÷ 0.36 0.016
2 2 0.00÷ 0.08 0.016

aRelative weights as determined by our analysis.bStatistical weights
corresponding to a rotational temperatureTr ) 4 K.

nJ(θ) ) NJ ∑
l)0...

∞

alPl(cosθ) (14)

Scattering of Nitrogen Molecules J. Phys. Chem. A, Vol. 101, No. 41, 19977653



angleθ with respect to the molecular beam direction andal are
the classicalmultipole moments:

Following the lines presented in a previous work on the
potential expansion in discrete harmonics,22 we use the relation-
ship that ties Legendre polynomials and particular vector
coupling coefficients with large angular momenta:

in which the identification holds:

where the integerM varies from-J to J, discretizing theθ
range (from 0 toπ ) by a grid of 2J+1 points. Equation 16
allows us to write the discrete analogue of eq 15 and to obtain
the quantum expression for the relative population of sublevel
nJ
M:

in terms of the discrete analogues of the classical multipole
moments of the angular momentum distributional

J. The latter
are explicitly given by inverting eq 18 using the orthogonal
properties of vector coupling coefficients:

Explicit expressions forJ ) 1 are

and

while for J ) 2:

and

For the present application, where only alignment is involved,
the previously determined weightswJM correspond to both
positive and negative values of the projectionM, and therefore
wJM ) 2 nJ

M. These formulas allow us to obtain the corre-
spondingal

J and a plot of the-a2
J/a0

J ratio is presented in
Figure 8. In the same figure, the previously obtained alignment
data1 for supersonic seeded O2 beams are also shown for
comparison. An extreme quantum mechanical alignment (cor-
responding to a classical rotor flying “edge-on” along the beam
direction) is described in the above formulas assuming that only
M ) 0 states are populated. In this limit, the ratios-a2

J/a0
J are

101/2 for J ) 1 and 5(2/7)1/2 for J ) 2: they are also shown in
Figure 8.
For J ) 2, a4

2 parameters are also of interest, but their
determination involves high uncertainties. Estimated ratios
a4
2/a0

2 range from 1.5( 1.5 forV/Vmax) 0.95 (tail of the beam)
to 3.0( 2.0 forV/Vmax) 1.10 (head of the beam). For reference,
note that an unaligned beam forJ ) 2 impliesa4

2/a0
2 ) 0, while

the “edge-on” configuration corresponds toa4
2/a0

2 ) 9(2/7)1/2.
The relationship of the presently introduced parametersal

J to
the Aq

(l)(J) of the usual description of orientation and align-
ment, which uses the formalism of spherical tensors23 and
density matrices, can be established for lowJ values by a
comparison between the above formulas and those in refs 20
and 21 (see Table 4).
Values and trends of alignment shown in Figure 8 demon-

strate that the overall features of the phenomenon are very much
in line with previous observations on molecular oxygen.1 It
should be noted that the observed alignment effect under the
present experimental conditions may be only a lower limit of
the one that could be measured as the beam is emerging out of
the supersonic expansion. A natural depolarization effect in
the rotational alignment may arise from coupling ofJ with
nuclear spinI to giveF. For the low lying rotational states of
nitrogen in its ground vibrational state, of interest here, the
hyperfine interaction is very small and the estimated precession
time of J andI aroundF is of the order of=10-4 s,24 which is
comparable with the flight time from the source to the scattering
chamber, possibly producing some depolarization effect. On
the other hand, the time which typically elapses between two
successive collisions is of the order of 10-8 s. This is too short
to destroy the alignment in the supersonic expansion process,
where the interaction which is active during collisions keepsJ
and I decoupled.
IV.C. Analysis of Glory Pattern Shift. The quantitative

information on the N2 alignment from previous sections allows
us to analyze the glory pattern shift, observed as the parameter
V/Vmax increases. The glory pattern and its shift are sensitive to
both the interaction anisotropy in the region around the minima
of the potential energy surface and the alignment degree.
The electrostatic interaction potential between the N2 mol-

ecule and the Xe atom is as usual represented by a Legendre
polynomial expansion

where for the present discussion higher order terms are
neglected.

al )
(l + 1/2)

NJ
∫0πnJ(θ)Pl(cosθ) sinθ dθ, l ) 0,2,4, ...

(15)

Pl(cosθ) ) lim
Jf∞[(2J+ 1)

(2l + 1)]1/2(-)J-M-l 〈JJM- M|l0〉 (16)

cosθ ) -2M/(2J+ 1) (17)

nJ
M ) NJ(2J+ 1)1/2 ∑

l) 0,...

2J

(-)J-M-l 1

(2l + 1)1/2
〈JJM- M|l0〉al

J

(18)

al
J )

1

NJ
(2l + 1

2J+ 1)
1/2

∑
M)-J,...

+J

(-)J-M-l〈JJM- M|l0〉nJ
M (19)

a0
1 ) 1

3N1
(n1

0 + 2n1
1)

a2
1 )

(10)1/2

3N1
(n1

1 - n1
0) (20)

n1
0 ) N1[a01 - (25)

1/2
a2
1]

n1
1 ) N1[a01 + (a01 + 1

10)
1/2
a2
1] (21)

a0
2 ) 1

5N2
(2n2

2 + 2n2
1 + n2

0)

a2
2 ) 1

N2
(27)

1/2
(2n2

2 - n2
1 - n2

0)

a4
2 ) 3

5N2
(27)

1/2
(n2

2 - 4n2
1 + 3n2

0) (22)

n2
0 ) N2[a02 - (27)

1/2
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2 + (27)

1/2
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2]
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1 ) N2[a02 - 1

2(
2
7)
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2
7)

1/2
a4
2]

n2
2 ) N2[a02 + (27)
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2
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V(R,Θ) = V0(R) + V2(R)P2(cosΘ)... (24)
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In analogy with the O2-Xe case,4 we take

whereA andR have to be determined via a best fitting of the
glory scattering pattern at differentV/Vmax, while the anisotropy
of the attractive part is the one discussed in section IV.A (cf.
eq 8).
Initially a fit of experimental cross section data with an IOS

(infinite order sudden) dynamical calculation was attempted;
some results are reported in Figure 5 as dotted lines. It can be
seen that a reasonable agreement with cross section data atV/Vmax
) 0.95 can be obtained, but this calculation completely fails to
reproduce the scattering data at the otherV/Vmax.
Following the lines of our previous work involving O24 a

more accurate description implies the formulation of an
“adiabatic” scheme, implemented by taking into account those
nonadiabatic transitions which are important between the
rotational levels 0 and 2 for theortho form and 1 and 3 for the
para form. In particular we have assumed a statistical popula-
tion of rotational levels (see Table 2) in the case of scattering
data atV/Vmax ) 0.95; for experiments at otherV/Vmax values,
we have taken the mean values in the ranges of relative
populations obtained from the previous analysis.
Similarly to the oxygen case,4 for the para form, Coriolis

coupling is assumed to completely mixM ) 0 and 1 helicity
states forJ ) 1 and nonadiabatic coupling betweenJ ) 1 and
3 is included. For theortho form only Coriolis coupling mixing
was considered for theJ) 2 channel, nonadiabatic coupling to
the distant levelJ ) 4 being neglected.
Cross section calculations performed according to this ap-

proach are reported in Figure 5 as solid lines. The obtained

parameters for the anisotropic component of the interaction are
A ) 7.0× 106 meV andR ) 3.37 Å-1.

V. Summary and Final Remarks
The isotropic component of the interaction for the N2-Xe

system has been obtained from scattering experiments with a
rotationally “hot” effusive nitrogen beam. Scattering experi-
ments using supersonic seeded beams of rotationally “cold”
nitrogen have proved to be an effective probe for the quantitative
determination of the degree of collision-induced alignment of
rotational angular momentum in N2. The alignment parameters
which have been derived for the description of the anisotropy
in rotational angular momentum distributions under the quantum
conditions (lowJ values) of interest here indicate that both extent
and final speed dependence are similar for N2 and for the
previously investigated O2 case.1 Therefore we are inclined to
suggest (see also ref 3) that the observed alignment effect is a
quite general phenomenon. An estimate of the interaction
anisotropy in the N2-Xe system has been obtained from a fit
of the glory interference pattern and from its shift as a function
of rotational alignment of molecular nitrogen. The simplifica-
tions in the dynamical treatment, which involves an adiabatic
scheme but with an estimate of nonadiabaticitiesswhich were
shown to be reliable for the O2-Xe system4smay have a more
limited validity for the N2-Xe case, where a higher number of
effective adiabatic curves is involved and a more accurate
treatment of inelastic and nonadiabatic events may be necessary.
Further and more detailed information on anisotropy in the well
region could be obtained once close coupling calculations for
total integral cross section (which are in progress, using the
MOLSCAT package25) become available.

Acknowledgment. This work is supported by the Italian
National Research Council (CNR), by the Ministero
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