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Measurements of total integral cross sections for scattering of nitrogen molecules by Xe atoms in the glory
collision energy range (40600 meV) are reported under two different experimental conditions, using either

a rotationally “hot” (most probable levels= 8, 9) effusive beam of nitrogen (obtaining information on the
isotropic component of the interaction potential) or rotationally “cold’ 9¢eded 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 bartinarend

para forms of nitrogen, which are cooled down in the seeded supersonic expansion process to their lowest
rotational levels] = 0, 1, 2.

I. Introduction 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

and to cooling of their internal degrees of freedom but also °f Very general applicability and involves no use of the magnetic
represent a natural and facile technique for obtaining alignment"’m"’_lIySIS technique, which has been employed for the paramag-
of molecular rotationd. A striking result has been that such an Netic case of @ but which is clearly inapplicable for most
alignment effect, remarkable for all studied carrier gases (in Melecules, which are diamagnetic.
particular for H, He, Ne, and their mixtures), depends drastically ~ Here we report similar scattering experiments with Xe atoms
on the final speed to which molecules are accelerated, so thatperformed with supersonic seeded beams containing another
for any seeded supersonic expansion, fast molecules are muclgliatomic molecule, nitrogen, which exhibits properties (polar-
more highly aligned than slower ones. Such conclusions openedzability and anisotropy, bond lengtketc) quite similar to
up the way to prepare molecules with well-defined velocities oxygen and for which an alignment effect comparable to the
and alignment ratios by adjusting the mixture composition of latter can be expected.
carrier gases. Our previously cited studies suggested that In section Il we describe the experimental apparatus used
collisional alignment is a complex phenomenon, which is for scattering measurements and in section Ill a detailed
determined by the high number of collisions among diatomic description is reported concerning the analysis of total integral
molecules and carrier gas atoms in the very early region of the cross sections measured by using a rotationally “hot” (most
expansioni.e., where the supersonic beam is formed; it should probable levels:J = 8, 9) effusive beam of Nand Xe as
show up every time there is an anisotropic interaction between scattering partner. This experiment, which corresponds to a
the molecule and the seeding carrier gas and should be a generalituation where the nitrogen molecule is rotating so fast that an
phenomenon, particularly for diatomic molecules other than O average over orientations is seen by the collision partner, gives
A similar effect on alignment has been recently observed in information on the spherical (or isotropic) component of the
mobility measurements for N ions in helium? interaction\Vo(R), only dependent on the intermolecular distance

Subsequently this collisional alignment technique has beenR  Section IV is devoted to the description and the analysis of
used to perform scattering experiments (at thermal energies results obtained by using “cold” supersonic seeded beams of
corresponding to the glory region for total cross sections) pitrogen § = 0, 1, and 2). In particular section IV.A presents
between oxygen molecules with a controlled alignment and rare gata on the average values of total integral cross sections and
gases (Xe and Kr). In such experiments sizeable differencespow to extract information on collision-induced alignment of
for both the smooth component of cross sections and the glory yotational angular momenta in the beams originated by the
interference patterns were observed as the alignment degree Waseeded expansion; in section IV.B theoretical considerations are
varied. These observations are of interest for two main developed on how to express the alignment degree for low
reasons: first of all, they represent a clear evidence of the facty 51 es of the magnitude of the rotational angular momentum
that total integral cross section data, being sensitive to the vector, and results for the discrete analogues of multipole

t Dipartimento di Chimica, moments coefficients are reported for rot'ational levkels 1

# Instituto per le Tecnologie Chimiche. and 2 of N. Finally, section IV.C deals with data analysis of
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In previous work reported from our laboratdrywe have
described in detail how supersonic expansions of gaseous
mixtures of molecular oxygen in lighter carrierseeded mo-
lecular beamsnot only lead to acceleration of the molecules
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Figure 1. Experimental apparatus: a schematic view.

the extraction of information on the leading term of the
anisotropic part of the interaction inNXe, VaifR®),
dependent on botR and the angl® between the molecular
axis and the direction of approach of collision partners.
Conclusions will follow in section V.

Il. Experimental Section

IILA. The Apparatus. The experimental apparatus (see
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Figure 2. Measured velocity distributions of supersonic beams of N
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 temperatufie$, as obtained
from a best fit of the measured velocity distributions using formulas
appropriate for supersonic seeded b&(full curves), are reported in
Table 1.

Figure 1) employed for the measurements described in this paper

is the same as used for the ftational alignment studyand
scattering experiments with polarized beami.consists of a

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

set of differentially pumped vacuum chambers where the

molecular beam emerging from the source, which can operate___ S¢€ding gas T’ K Umax® kM-S~
under effusive and supersonic conditions, is velocity selected HaHe=1:1 25+0.1 2.08
with a resolution of~5 % (FWHM) by a set of eight rotating :Z'Ne— 11 g-gi 8-1 ii5
slotted disks, before entering into the scattering chamber. The Ne o 55101 075

on-line beam intensity after the scattering region is measured
path and the dimension of the defining slits provide the stringent Stagnation pressure is 500 Torr for the:ie mixture and 800 Torr

angular resolution needed to measure true quantum integral cros

sections. The measurements of total (elastinelastic) integral

for all the other seeding gases. The nozzle diameteiOid mm and

the source temperature has been kept constas2@0 K. ° Transla-

tional temperature, as obtained from the velocity distributiéfeak

cross sections are performed through the attenuation of thevelocity.
velocity selected beam as it crosses the scattering chamber, filled
with the target gas (Xe in the present case) in the typical pressurethe presence of metastable nitrogen molecules, which are

range of 102—10-3 Torr and cooled down to liquid or solid

air temperature, to decrease the quenching of the glory interfer-

produced in small concentration in microwave discharges.
(i) Cross section measurements for the-Xe system, using

ence by the thermal motion of the target gas. Liquid air is rotationally cold nitrogen molecules obtained in the expansion
introduced in a cryostat attached to the scattering chamber andof supersonic seeded beams: the procedure consists of producing
solid air is produced by a near-adiabatic evaporation of the liquid supersonic seeded beams of molecular nitrogen using as carrier
by pumping at sufficiently high speed. The cryostat tempera- gases Ne, He, and ;H either pure or in mixtures whose
tures, which have to be kept very stable in time during the compositions are varied to cover a wide range of peak velocities

measurements, are monitored by a thermocouple and found toy,,,, from 800 to 2300 m sL.

correspond to target gas temperatures-680 and~70 K for

An example of velocity
distributions obtained using different carriers is reported in

liguid and solid air cooling, respectively. Under these conditions Figure 2, where only four different distributions are shown (see

the selected Blbeam velocityv practically coincides with the
collision velocity of the N—Xe system in the center of mass
frame.

II.B. Procedure. Two different types of total integral cross
section measurements have been carried out:

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 velocity» and for different compositions of the seeding
gases, which lead to narrow beam velocity distributions, each

(i) Cross section measurements in the thermal energy rangeone characterized by its peak valug.x A key parameter in

as a function of collision velocity for the N,—Xe system using
a rotationally hoteffusive beam of it in these experiments,

these experiments is the ratiduvmax between the selected
velocity » and the measured peak velocity.x of each seeded

an effusive beam of nitrogen is produced by expanding pure beam.

N2 (source pressure3 Torr) from a nozzle 1.0 mm in diameter;

We recall that magnetic analysis gbaramagneticoxygen

electrical heating wires around the nozzle permit heating of the molecules in seeded supersonic beams has proved a cor-

source (by Joule effect) up to a temperature of £3K. Using

respondence between thimaxratio and the alignment degree;

this source, a nearly effusive beam can be produced with N therefore, the use of different mixture compositions of carrier

molecules in the ground electronic sta®’ but presenting a
hot rotational temperature (36300 K) and a broad velocity

gases, to control the/vmax ratio, has allowed us to measure
cross sections as a function of at specified values of the

distribution, which allows cross section measurements in a wide alignment degree. Previous collisional experiments with su-

velocity rangej.e., from 580 to 2230 ns~1. Such a procedure

personic seeded beams of*(have shown that total integral

permits us to obtain a more stable beam with respect to across sections, and their velocity dependence, are sensitive

previously used microwave discharge sof@rard avoids also

to—and therefore, can be an indirect probe—ofolecular



7650 J. Phys. Chem. A, Vol. 101, No. 41, 1997

sl para N, 1100
= ortho N, J=5 180 o
361 g
£ - 160 <
B4 J=4 ;
5 J=3 {40
c <.
7] 3
=D 2
2r J - {20
=0
ot 0
8 .
S 06
s
3
Q
8 04
o
2
B 02
0.0
0 5 10 15 20

temperature (Kelvin)

Figure 3. Energy level diagram for the lowest rotational stat&s=(

0, ..., 5) of N('Z;) 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 range2d K assuming a Maxwet
Boltzmann distribution.

intermolecular potential between,@nd target atoms, such as
Kr and Xe.

Here we apply the same procedure d@amagnetic N>
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Figure 4. Scattering of a rotationally “hot” effusive nitrogen molecular
beam by Xe. Total integral cross sectioQév) multiplied by »?° 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) interactioVo(R); see Table 2 and section IlI.

rotational angular momentudalongv, will be one of the goals

of the following.

[ll. Total Integral Cross Sections from an Effusive Beam

and the Spherical Component of the Interaction,Vy (R)
alignment, and this has allowed us to characterize the anisotropic  Total integral cross section®(v) for scattering of a rota-
tionally “hot” effusive beam of M (case () in previous section)
by Xe atoms are reported in Figure 4, as a function of collision
velocity v in the range 5862230 m s™1. As usual they are

molecules and measure cross sections, as a function of theplotted asQ(v)v?° to emphasize the glory interference pattern,
collision velocity v at differentv/vmax ratios, in order to probe  which provides information on the interaction potential features
the molecular alignment by its effect on scattering cross sections, of the collisional complex. Analogous cross section results have
in a case where magnetic analysis is ineffective. An estimate been previously measured by using an effusive nitrogen beam
of the anisotropic interaction at long range betweerahid Xe produced from a microwave discharge soltrpeesent data are

will be instrumental to this purpose. In particular we measure obtained under better experimental conditions (greater stability
cross sections for each mixture at four different velocity ratios of the beam and absence of metastable nitrogen molecules,
vlvmax (0.95, 1.0, 1.05, and 1.1) chosen to be the same as forwhich were instead present in small concentration in the
the G systent, correlated, in the latter case, to four different microwave discharge). Assuming Boltzmann distributions of
alignment degrees. N rotational states, it is found that at 300 K, an estimated lower

The supersonic seeded beams used in these experiments sholiit of the rotational temperature of Nn the beam, the most
a final translational temperatuffie(see values reported in Table ~Populated levels aré= 6 and 7 respectively iortho andpara
1) lower than 3 K. Because of collisional relaxation during forms, whereas at 500 B= 8 and 9 are correspondingly the
the expansion, Nmolecules are expected to have very cold MOSt probable levels. Under such conditions the average
rotational and vibrational temperatures, and in particular the rotational cycle takes 1.2 10#s (300 K) and 0.9< 1072s
rotational temperature will not be much higher than the final (500 K). These values have to be compared with the typical
translational temperatufg. This has also been pointed out in ~ collisional times, estimated as 8:01071%» s (8.0x 107m
connection with similar experiments on seeded molecular beams'€Presents the average intermolecular distance covered by the
of oxygen? and numerous previous studies on supersonic seededProjectile during the collision), which vary from 14 1072 s

beams of ¥ found rotational temperaturd@sin the range 49 0 0-4x 10-%2s in the collision velocity range of the present
K, which is quite close to our estimate. experiment. Taking into account that inelastic transition prob-

To evaluate the rotational distribution in our supersonic abilities are small when high rotational states are involved, that

s . uring the collision of a homonuclear diatomic molecule one-
seeded beams, we have to explicitly take into account the nuclearoI 9

statistics that applies for nitrogen molecules. Since the nUCIearﬂaL::?Jrlfrri(r)lzea:;gtlilo;()tztrl\?jntrllz:‘ ﬂg'ggﬂ;ia 1\/:;219(3 nt‘g?eg]:g;no'
spin is 1 for'“N, homonucleat*N, molecules exist in separate ' ' S,

ortho (with total nuclear spirl = 0 or 2) andpara (I = 1) are not only rapidly rotating but aI;o randomly orlgnted, we
forms in the ground electronic statéi(;) two-thirds of the can assert th_at the present scattering data_ are mainly affected

’ . by the spherical average of the full potential energy surface,
molecules are in thertho form and populate only everd &

0,2,...) rotational levels, and 1/3 are in tpara form and namely, by thé/o(R) component of the interaction.

Iat v oddI= 1 3 tational level | As in previous papefswe use the MSV (Morsespline—
populate only o (= 1,3,..) rotationa JCVEIS (see UPPErpanel y,an der Waals) parameterization to represent this isotropic
of Figure 3). The calculated populations of rotational levels

for Bolt distributi functi f rotational t interaction component, and standard computation techniques are
(ir 0 zrtr;]ann IS ”{_);(')OES’ as ahunc 1on '?h rol ationa enrp(?cr- used for elastic cross section calculations in the glory velocity
ature In the range , aré shown in the lower pane' o rangel® The MSV parameterization, expressed by scaling for
Figure 3; it can be concluded that under present conditions

(rotational temperatures not much higher tha3) only the location R and depthe of the potential well
rotational levels corresponding tb= 0, 1, 2 are populated.
The determination of their relative populations and possible
alignment,i.e., nonstatistical distribution of components of the

Vo(R)
€

_R
=

) = )
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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 thelvmax ratios (see section V).
Dashed lines are for scattering Wy(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 correspond@fy)s (the “smooth”
component, see section I1V.A) are reported, multiplied/#$(dotted-
dashed lines).

is the following:

Morse
f(x) = exp[=26(x — 1)] — 2 exp[-p(x — 1)]

for x=x (2)
spline

f(X) =b; + (x — x)b, + (X — xx)[bg + (X — x)b,]
for x, <x<x, (3)
van der Waals
f(x) = — Ce X ® for x=x, (4)
R

The B parameter, which defines the well shape of the

potential, is fixed at 6.5 as characteristic of these van der Waalsmate).

forcesi! x; andx; are chosen, as for other previous casis,
the neighborhood of 1.1 and 1.5, while, by, bs, and bs,—
the spline parametersaare automatically fixed by imposing
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TABLE 2: Potential Parameters for N,—Xe Spherical
Interaction Vo(R): MSV Parameterization as Described in
the Text and Uncertainties in Parentheses

¢, meV 13.70+ 0.55 (4%)

R A 4.05+ 0.08 (2%)

B 6.5

X1 1.1

X2 1.55

Co, MeV-ms (1.07+ 0.075)x 10755 (7%)

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 (casd ) of section I1.B) the N molecules
emerging from seeded supersonic expansions are rotationally
cooled and only the lowest rotational levels are populaled (

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 ofds a function
of collision velocity v, measured aw/vmax = 0.95, 1.00,
1.05, and 1.10, are reported in Figure 5. The observation is
made that with increasing/uvmax 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 ob-Xe systent. This result
can be taken as a manifestation of the alignment ef N
molecules in supersonic seeded beams which, as previously
observed for the @case, increases as a function:ofvithin
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 M—Xe system from the polarizability aniso-
tropy of N, molecule, provides quantitative information
on the rotational alignment of N(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-
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

that the functions must have the same value and the samecross sections calculated by using the obtained alignment

derivative at; andx,. Since the long range consta@g are

obtained from the absolute value of the measured total inte-

parameters, an assumed interaction anisotropy, and an ap-
proximate treatment of the dynamics of-NXe collisions (see

gral cross section, with the procedure described in ref 10 section IV.C).

and summarized in the next section, orlyand Ry are left

IV.A. Evidence of Rotational Alignment from Its Effect

as parameters to be varied in order to obtain the best agree-on the Average Scattering Cross SectionsTo analyze the
ment between calculated and measured cross sections. Theffects shown in Figure 5, the collision dynamics is treated

potential parameters for the spherical interactfgnso obtained,

are reported in Table 2. Values are in very good agree-

ment with previous resultshowever, because of the higher

following an adiabatic representation in the coupled states
framework, developed in our laboratd¥.This representation
considers the centrifugal energy, due to the effect of the impact

accuracy achieved by using the present effusive source, theparameter and decreasing R, as a diagonal term, and the

quoted uncertainties on potential parameters (determinedcollision is described as evolving along effective adiabatic
from the experimental errors on the glory extrema positions) potentials, obtained by properly taking into account molecular
are considerably lower than before. Total cross sections, first rotations and the electrostatic interaction potential. According
calculated in the center-of-mass reference frame and thento this description, nonadiabatic transitions, which are respon-
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provides direct information on th@s potential parameteq is
given in n? if Cgis expressed in meVht and the velocity in
m- s71).

The Cs 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 potenti@v) can be defined,
1601 . : in the adiabatic picture, as a weighted sum of contributions

00 coming from each of the adiabatic potential energy cuhigs
(Figure 6), the weighting factors being related to the molecular
alignment. Therefore the increase of the measQ@d values,
as a function ofv/umay depends not only on the strength and
anisotropy of the long range attraction but also on the variation
of the molecular alignment degree.

160 b Treatment of the dynamics as evolution along adiabatic
30 20 50 50 potential energy curves is accurate @(v), since at long range

R.A no couplings persist among rotational states. In addition also
Figure 6. Adiabatic potential energy curve¥m (section IV.C) the helicity mixing, due to Coriolis forces, can be neglected
describing the interaction between Molecule and Xe atom for the  here hut will be of interest in the following analysis of the glory
ortho (upper panel) angbara (lower panel) forms. The “spherical” interference pattern.

Vo(R) is sh lid line. . . .
component/o(R) is shown as a solid line The long range anisotropy in the potential can be expressed

sible for inelastic events, are localized in restricRranges of ag®
relevance for the shift of the glory pattern, to be discussed in
section IV.C. anis Cofoy, — 0y
Effective potential curves, labeled by the rotational quantum -5 = E(T)
numberJ and its helicityM (i.e.,, projection ofJ along the

velocity directiony ), are obtained by full diagonalization of )
the secular equation along the lined?aissuming a model for ~ Where theC/R° term, as seen before, defines the long range

the interaction. The curvesy(R) reported in Figure 6 are  attraction of the isotropic potentigb; a, ando; are the parallel
actually those corresponding to the final best fit of our analysis. &nd perpendicular polarizabilities obNespectively, which also
For the analysis of measured smooth components of crossenter the definition of the mean value of the polarizabidity-
sections, which are the focus here for their important information (@ + 200)/3. For this systenCs has been determined as
content on the alignment in the beam, an accurate close formuladiscussed in section Ill by scattering experiments with the
for Vv can be derived from a perturbation expansion around rotationally “hot” effusive beam and its value is reported in
the librating rotor limit!2 Table 2. For the polarizability anisotropy(— o)/3a, values
Following a semiclassical view of molecular scattering from N the literature range from 0.+4.15 (recent experimentél

a single potential energy curve in the glory energy range, the and theoretical results) to 0.19° We have chosen an
elastic integral cross sectidd(v) as a function of the relative  intermediate value of 0.17, which is higher than the most recent

V(R), meV

40 |

80 F

V(R} , meV

-12.0 +

(8)

collision velocity v can be written &8 results. Actually scattering cross secti@&) probe intermo-
~ lecular interactions in a distance range (here-® ) where
Q(v) = Q(v) + Qgior(?) (5) the attraction essentially depends on the dipalipole interac-

tion but the effect of higher order terms is not negligible. The
where Qgor/(v) is an oscillatory term an(v) is the smooth relative anisotropy of refs 16 and 17 describes only the effect
(average) component of the cross section to which phase shiftsof anisotropic dipole-dipole attraction: this leads to an
associated with large impact parameters mainly contribute. Theunderestimate of the contributions coming from higher order
latter essentially depends on the long range part of the terms, as clearly pointed out by Thuié al!® for the case of

interaction, and in the case of a purely attractive potentiay NO—Xe interaction.
Rs it can be expressed ds As discussed in section I1.B only the rotational levéls O,
1, 2 are significantly populated at the rotational temperature
= 21Cy\2(s™D typical of the seeded supersonic beams ptibed in the present
Qv) = 9(s) “he (6) scattering experiments. Accounting for the allowed helicity

states implies that only six adiabatic potential energy curves
whereh is the Planck constant and tés) coefficient is given (see Figure 6) are relevant for the analysis of the present results.
in terms ofT" functions. Accordingly the measurement of the Deviations in the long range behavior of the adiabatic curves
absolute value of the average cross sect@) provides V;u from that of the isotropic componeXt are expected to be
information on the long range attraction. responsible for the variation of the measured absolute value of
The Q term mainly probes the attractive potential in the the Q(v) component of cross sections, when the population of
neighborhood of the intermolecular distance corresponding to JM sublevels is varied. This situation must be contrasted with

the “limiting” impact parameter given bg(27)"2 14(6.5-8 A that of the experiments described in the previous section, where

inour case). In this distance range the first term of a multipole molecules were randomly oriented and rotating fast enough to

expansion in neutralneutral systems, namely, theC¢/R® average their anisotropy, leading to an effective interaction

dipole—dipole term, gives the main contribution@ Therefore corresponding to the spherical potenial

the working formula The asymptotic behavior of thé curves can be accurately
C\2s given by perturbation t_heory of the r_igid rotor, as described in

Q(v) = (6.039x 105)(_6) @) the formulgs reported in the appendix of ref 12, here corrected

v for a misprint:
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Cs  JU+1)— 3w

RG

— gms) (9)

9 [@P-M)a-M-1@+-1)
8(2J + 1) (23— 1)%23 — 3)

(@-M+2E-M+DE+M+2)F+M+1)

(23 + 3)%(23 + 5)
anis 21
R/B

whereB = 0.2491 meV is the rotational constant of the nitrogen
molecule? Curves reported in Figure 7 are calculated by using
the value ofCg and Ci"* obtained as described above.

In the Rrange which mainly influences the magnitude of the

+ 3rd order term
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Figure 7. Long range behavior of the adiabatic potential energy curves
of Figure 6 (see also section IV.A).

cross sections, first and second order terms in eq 9 dominate
and the ratios between the smooth components for scatteringTABLE 3: Relative Population w;y of JM Sublevels

by each of the adiabatic potential curvégy, and that for
scattering by the isotropic compone¥f, can be calculated as

Q V,, — BJJ + 1)\25
ﬂ — JM ( ) (10)
Qo Vo
which in turn gives the fractional deviations defined as
~_[Q
AQy = (% - (12)
0

The experimentally measured quantit@sshown as dotted-
dashed lines in Figure 5, are properly weighted averag@spf
The weightsw;y, their determination and particularly whose

deviations from statistical, are the target of the present analysis,

which exploits the following relationship:
Q - Qo
Qo

The quantityAQ represents the shift of the smooth component

AQ= %WJMAQJM (12)

Corresponding to Nitrogen Molecules Traveling atv/vmax =

JM Winm? WP
10 0.26= Y3 0.11
11 0.00-0.07 0.22
00 0.00+-0.18 0.63
20 0.31+ % 0.008
21 0.00-0.36 0.016
22 0.00-0.08 0.016

2 Relative weights as determined by our analysBtatistical weights
corresponding to a rotational temperatlye= 4 K.

indicates that relaxation to the ground stdte= 0, which
corresponds to no alignment, is ineffective. The fotmax
ratios considered in our experiments show, as in the case of
0., that alignment is negligible at the lowest value, 0.95, where
accordingly we measurAQ = 0. The case//vmax = 1.10
presents the largeatQ and therefore corresponds to the largest
alignment effect. This trend is in agreement with the increase
in alignment asuv/vmax increases, first observed in seeded
supersonic expansions 0b®

IV.B. Quantum-Mechanical Parameterization of Rota-

of cross sections, which we have measured (Figure 5) at fourtional Alignment. The present results on.Nprovide data on

values of thev/umax ratio and can be obtained by inserting the
results of eqs 911 in eq 12.:

AQ 2.73n,, — 1.33w,; + 0.14wy, + 1.820,, +1.00n,, —
1.95w,, (13)

The weightsw;y, which must add to one, must also satisfy

molecular alignment which will now be used to obtain alignment
parameters for the rotational angular momenta corresponding
toJ =1 and 2. For such low 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 workapplies under “semiclassical” conditions,

the nuclear statistics appropriate for nitrogen molecules. Inthej o in the highJ limit, since it assumes a continuous distribution

present case they must satisfy the conditions

_2
Wog T Wag  Wyy + Wy, = Ty

for theorthoform (J = 0 and 2)
W+ W, =", fortheparaform (J= 1)

Under statistical conditions (no alignment, see TableAg),

of angular momenta.

A representation for alignment parameters for ldwalues
will now be given, closely related to the usual spherical tensor
description of orientatioA®2'to establish the proper normaliza-
tion for the correspondence of the quantum formulation to the
classical highl limit, our simple derivation makes recourse to
a discretization of the classical expression for the spatial
distribution of the rotational angular momentum vecior

can be checked to be zero. The previous formulas allow us to
establish ranges of variation of the weights from their statistical
values whem\Q 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 HereN;jis the total number of molecules in the rotational level
parallel to the flight direction. The small upper limit far J, ny(0) is the number of molecules whosevector forms an

ny(6) = N, Z aP,(cosb) (14)
|=0...
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angle6 with respect to the molecular beam direction andre
the classicamultipole moments

(I + 1/2) o
a="—g—

N 0 n,(6)P,(cosh) sin 6 do,
J

=0,24, ..
(15)

Following the lines presented in a previous work on the
potential expansion in discrete harmoriésye use the relation-
ship that ties Legendre polynomials and particular vector
coupling coefficients with large angular momenta:
(23 + 1)|¥2
2+ 1)

P(cos6) = lim [ (=)™ oIm - mjlo0 (16)

in which the identification holds:

cosf = —2M/(2J+ 1) 17)

where the integeM varies from—J to J, discretizing thed
range (from O tor ) by a grid of 241 points. Equation 16

Aquilanti et al.

1/2 1/2
t-nfe-f

UYNL2 , 212
i=nfei—ofe) -5

N2 , 112
o e s TG

For the present application, where only alignment is involved,
the previously determined weights;y correspond to both
positive and negative values of the projectddnand therefore
Wim = 2 nﬁ". These formulas allow us to obtain the corre-
spondinga’ and a plot of the—ay/ay ratio is presented in
Figure 8. In the same figure, the previously obtained alignment
datd for supersonic seeded,eams 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 ratiea)/aj are
10Y2for J = 1 and 5(2/7y2 for J = 2: they are also shown in

allows us to write the discrete analogue of eq 15 and to obtain Figure 8.

the quantum expression for the relative population of sublevel
M
ny:

[D3IM — M|l0&/
(18)

2]
nY = N,(2J + 1)*? Z (=)™ —
I=T... 2 +1)

in terms of the discrete analogues of the classical multipole
moments of the angular momentum distributagn The latter
are explicitly given by inverting eq 18 using the orthogonal
properties of vector coupling coefficients:

1{20+1\2 =
a = —(—) Z =)y 'oim - mjom)  (19)
N\2J+1) wl.

Explicit expressions fod = 1 are
8= -+ 2n)
3N,

(102 4
a, = n;—n
2 3N1 ( 1 fl.))

(20)

and

(21)

12
i = Nafag + (a6 + 5

1
10 a2]

26+
while for J = 2:

al = SLNZ(an + 20t + )

1/2
a i(2) (2n—m;—nd)

N,\7,

a > — 4n; + 3n)) (22)

32
_5N2(7) (n

and

For J = 2, & parameters are also of interest, but their
determination involves high uncertainties. Estimated ratios
a’/a; range from 1.5t 1.5 for v/vmax= 0.95 (tail of the beam)
to 3.0+ 2.0 for v/umax= 1.10 (head of the beam). For reference,
note that an unaligned beam fbr= 2 impliesa3/a3 = 0, while
the “edge-on” configuration corresponds agla; = 9(2/7)2

The relationship of the presently introduced parameﬁets
the AQ(J) of the usual description of orientation and align-
ment, which uses the formalism of spherical ten§bend
density matrices, can be established for |dwalues 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 oxydeitt
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 bfwith
nuclear spirl 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 andl aroundF is of the order o&=10"* s2* 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 £&. This is too short
to destroy the alignment in the supersonic expansion process,
where the interaction which is active during collisions keéps
and| decoupled.

IV.C. Analysis of Glory Pattern Shift. The quantitative
information on the Malignment from previous sections allows
us to analyze the glory pattern shift, observed as the parameter
vlvmaxincreases. 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 thenibl-
ecule and the Xe atom is as usual represented by a Legendre

polynomial expansion
V(RO) = Vy(R) + V,(RIP,(cos0)... (24)

where for the present discussion higher order terms are
neglected.
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Figure 8. Alignment parameters (section IV. By a)/a) as a function

of the velocity ratiosv/umax for rotational levels] = 1 and 2 of N, as
obtained from present work. Plotted values describe a lower limit for
the alignment degree as obtained by takingwhgwithin their ranges

of variation (see section IV. A). Also shown are data for Gbtained
from previously reported polarization ddtd.ines labeled ag = 1
andJ = 2 correspond to the limiting values of thea,/ay parameter
ratio where onlyM = 0 components are populated (exclusive alignment
in the “edge-on” configuration). The high(classical) limit is—ay/ao

= 25.

TABLE 4: Correspondence between Discrete Multipole
Moments &' 2 and Alignment ParametersAJ)(J)®

J=1 3= 1AP(1)
ay = (10"13)AP(1)
J=2 & ="1AP(2)

%= ()""rY)
o = "5 (1) *As(2)

apPresent work, egs 19, 20, and 2Reference 21, eq 26, and
references therein.

In analogy with the @-Xe cas¢} we take

V,(R) = AexpaR) — CA™R® (25)
whereA anda have to be determined via a best fitting of the
glory scattering pattern at differentvmax 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 I0S
(infinite order sudden) dynamical calculation was attempted;
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parameters for the anisotropic component of the interaction are
A=7.0x 10° meV anda = 3.37 AL,

V. Summary and Final Remarks

The isotropic component of the interaction for the-1Xe
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 irpN The alignment parameters
which have been derived for the description of the anisotropy
in rotational angular momentum distributions under the quantum
conditions (lowd values) of interest here indicate that both extent
and final speed dependence are similar for ahd for the
previously investigated £xasel 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 h—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 nonadiabaticitiedich were
shown to be reliable for the £ Xe systemt—may have a more
limited validity for the N—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 packagé) become available.
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