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Broadening and shifts of the lines of molecular ions
by collisions with neutral perturbers
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We present a theoretical model for studying the shape of the rotational lines of molecular ions
perturbed by collisions with neutral species. This model shows that the interaction between the
ionic monopole and the multipole moments of the perturber has no role in the collisional relaxation
of the lines. The eHect of the ionic monopole is restricted to that of inducing a polarization of the
neutral perturbers that can cause relaxation by interaction with the other permanent moments of
the absorbing ion. We also present, for HCO+ perturbed by argon, an experimental study of the
pressure broadening and shift of the rotational lines J = 1 E—0, 2 +—1, and 4 +—3. The agreement
between theory and experiment is satisfactory.

PACS number(s): 33.70.Jg, 33.20.Bx

I. INTRODUCTION

The collisional broadening of the rotational spectral
lines of neutral molecules has recently received much at-
tention both experimentally and theoretically. By con-
trast, the broadening of the spectra of molecular ions due
to collisions with neutral perturbers is less well investi-
gated, in spite of its interest and importance, particularly
in the interpretation of radio astronomical data.

In the absence of measured or calculated values, esti-
mates [1,2] of linewidths 20 or 30 times as large as those
for similar neutral molecules have been proposed. Such
a large collisional broadening efFect would prevent the
observation of the rotational spectra of molecular ions.
However, the observation of this kind of spectrum by
Woods and co-workers [3] shows that the linewidths are
comparable to those of similar neutrals or only slightly
larger. This observation is supported by the semiclassi-
cal argument that the long range monopole force does
not exert any torque on the ion. To date there has only
been one study in the 6eld, where the pressure broad-
ening of the ion HCO+ J = 1 E—0 rotational transition
by collision with several bufFer gases was studied in a dc
glow discharge [4].

In this paper we present an experimental study on
HCO+, produced in a magnetically enhanced negative
glow, perturbed by argon. The collisional parameters
were determined for three lines: J = 1 ~ 0, 2 E—1,
and 4 E—3. We also present a theoretical model for cal-
culating both the pressure broadening and pressure shift
coefficients for the spectral lines of ions perturbed by col-
lisions with neutral species.

Our theoretical treatment shows that the interaction
between the ionic monopole and the multipole moments,
permanent or induced, of the perturber plays no role
in the collisional relaxation. The effect of the ionic
monopole is restricted to affecting the collisional trajec-

tory and to inducing a polarization in the neutral per-
turber. The induced moments can produce relaxation
by interaction with the permanent moments of the ab-
sorbing ion, with the exclusion of the monopole. In the
case of HCO+ perturbed by argon, by far the largest re-
laxation efFect comes from the interaction between the
dipole of the ion and the dipole induced in argon by the
ionic charge.

Having clari6ed what interactions must be taken into
account, we can extend to the case of ions the methods of
calculation already used for neutral molecules. We give a
detailed extension of the Anderson [5] -Tsao-Curnutte [6]
(ATC) approximation for the dipole-monopole-induced
dipole interaction, including also the pressure shift.

The experimental data show a decrease of pressure
broadening parameters with increasing J, and show a
change in sign of the pressure shift of the J = 4 ~ 3
transition with respect to the lower J lines. The theoret-
ical calculations con6rm these results.

II. THEORY

In order to obtain the collisional broadening m and
shift 8 of the spectral lines of an absorbing molecular ion
interacting with neutral perturbers we follow the impact
approximation [7].

We recall that in the frame of this theory, the relax-
ation terms to and s of a line i ~ f are linear in the num-
ber density n of the perturbing gas and can be expressed
as the real and imaginary parts of a complex relaxation
operator R, averaged over all possible collisions:

to+is = n(R(r, l)) „
where ( ) represents the thermal average over the inter-

nal states r of the perturber and the angular momentum
l of the relative motion.
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The relaxation operator R can be derived from the
scattering matrix S:

R(r, l) = a —) {i,r, t~S~i, r', l'){f,r', l'~St~f, r, l)

The scattering matrix S can be written in terms of the
collisional interaction V(t):

S = Oexp
i

—— dt e* " "V(t)e

where Hp is the unperturbed Hamiltonian of the two col-
liding partners and 0 is the time ordering operator.

From Eq. (3) we can see that if V is isotropic in the
space of the internal degrees of the absorbing ion, then

(i, r, l]S]i,r', I') = (f, r, l
/
S]f, r', l'),

where

3
CMM —— (J;,M]1, 0, Jf, M)(J;, M]1,0, Jf, M)2J;+1
is the normalized weight for P~M and gM CMM = 1.

By use of the transition operator T = Il. —S, the re-
laxation function P(b, v, r) can be conveniently split into
two "outer" (initial and final) terms and a "middle" term
bilinear in T:

P(b, v, r) = P „g„;(b,v, r) + P „, , f(b, v, r)
+Pmiaa&e(b, v, &) i

1P „,„;(b,v, r) = ) (i, J,M, r~T(b, v)~i, J,M, r),
2J, +1

while

(i, r, I
~

S~i', r', l') = 0 (5)

P „„,f(b, v, r)

if the rotational state i is diferent from i. Hence, Eq. (2)
becomes

) {f,JfM, riT (b, v)if, JfM, r)) (12)2'+ 1

P .aai (b, v, &)

and by Eq. (5) and because of the unitary nature of S,
R(r, l) = 0. Hence, we can conclude that the terms in V
operating on the internal degrees of the absorbing ion by
its monopole make no contribution to the relaxation of
the line because they are isotropic.

Since an exact calculation of the scattering matrix is
not easily made from Eq. (3) for anisotropic interactions,
we resort to the semiclassical approximation [5, 6]. This
assumes that the translational motion follows classical
mechanics and uses quantum mechanics to describe the
inHuence of the collision on the internal states of the
molecules. Hence, Eq. (1) takes a form in which the
translational state is described by the impact parameter
b and the relative velocity v:

m+is = 2mnv bdbP b, v, r
0 F)V

(7)

P(b*v &) =1 —).C~MPM~(b v r),
M, M

PMM (b, v, r) = ) (i, J;M, r]S(b, v) ]i, J;M, r')

x {f, JfM, r']St (b, v) ] f, JfM, r),
(9)

where we denote by P the semiclassical relaxation oper-
ator.

If the magnetic components are not resolved, the line
i, J; ~ f, Jf is in fact a superimposition of degenerate
magnetic components i, J,M -+ f, JfM. The efFective re-
laxation is obtained [8] from an average of the relaxation
PMNI for pairs of degenerate components J;M —+ JyM
and J;M ~ JyM, weighted with their relative ampli-
tudes (J;,M

I
1,0, Jf, M) and (J;,M

I
1,0, Jf, M):

) CMM(i, J;M, r~T(b, v) ~i, J;M, r')

x{f,JfM, r'~Tt(b, v)~f, JfM, r) (13).

The middle term in Eq. (13), which accounts for cor-
relations between the collisional transitions i, J;M, r ~
i, J;M, r' and f, JfM, r -+ f, JfM, r', reduces the con-
tribution to relaxation of the reorienting transitions.

The calculation of P is easily made for weak collisions,
i.e., for collisions occurring with such large impact, pa-
rameters that the interxnolecular interaction V(t) can be
considered to be a small perturbation on Hp and the per-
turbative expansion can be restricted to the lowest order;
that for anisotropic interactions is the second. The tran-
sition matrix T is then replaced [9] by

+oo
d~i( ,vb~) . i(v, b, ~), (14)

4) —(dp + $6

where V(u) is the Fourier transforxn of V(t) and h~o ——

AE is the total energy transferred in the collision &om
the internal degrees of the colliders to translation.

%'hile the b function part of the singular denominator
in Eq. (14) contributes to the linewidth, the principal
value part contributes to its shift. This second order
shift term, not included in the original formulation of
the ATC approximation, was considered, for the special
case of induction-dispersion forces, by Herman [10] and
derived, for the general case of multipolar interactions, by
Di Giacomo and Tarrini [9] and later but independently
also by Frost [11]and by Boulet et al. [12].

By the use of Eq. (14) the real and imaginary parts of
the eKciency function P in Eq. (7) can be obtained. We
shall denote this approximation by P ' "(b, v, r), in order
to emphasize that it is reliable only for weak collisions.
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ReP.":,.„.(h, v, r) =, ) l(u J-, rllV(~- ~ +~- )II&' J.' r')I'outer, e (i5)

(&, v, r) = po, ) I(u, J, rIIV(~oo +~ )II&,J,r )I,outer, a (16)

ReP &&&,(b, v, r) = ——
z ) CM M(i, JM, rIV(ur„„)ii, J M, r')(f, JfM, rIV(ur„„)If, JfM, r'),

M, M, v'

ImP qadi (6 v r) = 0 ~

(i7)

The label a in Eqs. (15) and (16) can be either i or
f, while p in Eq. (16) is +1 when a = i and —1 when
a = f In E.qs. (15)—(17) hoop ——Ep —E stands for the

energy of the molecular transition o. ~ P, while IV(to) I

in Eq. (16) is the Hilbert transform of IV(u) I:

lv( )I2
1

P ~ lv(~')I'
(d —(d

where P denotes the principal value.
h(u i + u„„) in Eqs. (15) and (16) and h~„„i in

Eq. (17) are the energy transferred between translation
and internal degrees in the collision. P ' decreases
rapidly as the transferred energy increases and this pro-
vides reliability for the semiclassical approximation. This
approximation is inaccurate when the transferred energy
is not a small part of the translational energy, but these
collisions make a small contribution to P~'~. For the
same reason, even if the sum in Eqs. (15) and (16) ex-
tends over all the transitions r ~ r' of the perturber and
a, J ~ a', J' of the absorber, vibrational energy changes
can usually be excluded because the energy transfer in-
volved is so high that they are negligible.

Explicit expressions can be found in the literature [5,
6, 13] for the various multipolar and polarization interac-
tions of interest in collisions between neutral molecules.
For the case of ions one has to also take into account
the dipole induced in the perturber by the monopole of
the absorber. The dipole-monopole-induced dipole force
makes by far the largest contribution to relaxation. So
we specialize now to this case:

ReP.":t:"„.(»v) = „,5s ):l(u J-ll~lln' J-')
I &(&- )

~/ Jl
O

(25)

where

3 7co!qp i
32 s

koa' = ~ca'5/v~

(26)

(27)

and the broadening resonance function g(k), plotted in
Fig. 1, is

1.0

o.e.

ReP;zz&, (b, v) = ——
2 ) CM M(i, JiMIV(0) li, J;M)"

M, M

X(f, JfMIV(0)lf, JfM r') . (2

The integration along the collisional trajectory can be
performed in closed form if one uses the approximation
of a straight line path. This is carried out in the Ap-
pendix, following the same scheme used in Refs. [6, 13]
for different interactions.

For the real part of P,„;,",(b, v) we obtain

2nqp R(t)
Rs(t) (20)

0.6.

where q and p, are the electric charge and the dipole
moment of the absorbing ion, o. is the polarizability of
the perturber, and R(t) is the intermolecular distance.

First, we note that V(t) polarizes the perturber with-
out inducing transitions in its internal state r. If we as-
sume n independent of r, P(b, v, r) P(b, v), and Eq. (7)
becomes

O. 4-

o.2.

m+is = 2mnv bdb P b, v
0 tP

Moreover in Eqs. (15)—(17) r' = r Hence.

ReP „;„(b,v) = ) I(a, J IIV(~ )lla', )JI,
25

(22)

FIG. 1. Shape of the broadening resonance functions g(k)
and G(k) describing, for the case of dipole-monopole-induced
dipole interaction, the dependence of the line broadening real
part of the sexniclassical relaxation efBciency function on the
product of the duration of the collision and the energy trans-
ferred from translation to the internal degrees of the absorbing
molecule; see Eq. (27). Both g and G are even functions of k.
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III. EXPERIMENT

mm —sub-mm source

h h is stabihza klystron, w icdriven by a
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a frequency synthesizer by xneans of two phase-lock loops.
The use of a wide-band klystron synchronizer allows two
scanning schemes, either sweeping the frequency synthe-
sizer at the beginning of the synchronization chain, or
sweeping the sine-wave modulated reference signal of the
klystron synchronizer.

The third harmonic of a 30V12 Oki klystron was used
for recording the J = 1 E—0 line, and the third and the
sixth harmonics of a VRE2103B-11 Varian klystron were
used for the J = 2 ~ 1 and J = 4 ~ 3 lines. CutofF
61ters were employed to suppress lower harmonics than
that of interest. Harmonics of higher order could usually
be minimized by adjusting the frequency multiplier ge-
ometry, but in the case of the J = 1 ~ 0 line we were not
able to completely suppress the J = 2 ~ 1 line; this re-
duced the accuracy of the determination of the frequency
shift, as explained below.

A hoxnemade Schottky barrier detector was used for
the line at 89.2 GHz, and the higher frequency lines were
detected by means of a liquid-He-cooled silicon bolome-
ter. Lock-in detection at 2 f and computer-controlled
data acquisition were employed.

The absorption cell is a 4-m-long Pyrex tube, 9 cm in
diameter, wound with a solenoid, which provides a longi-
tudinal magnetic field of up to 200 G, and a plastic pipe
for cooling the cell by Bowing liquid nitrogen. The cell
is equipped at the ends with two cylindrical electrodes
40 cm in length, and in the middle with a ring-shaped
electrode 5 mm wide, which acts as the cathode. In this
arrangement there are two half-cells with opposite po-
larity and this has the effect of making the contribution
from the Doppler shift (due to ion drift velocity) symmet-
rical. The negative glow regions of the two discharges,
where the positive ions are produced, fill the length of
the cell. Because of the small surface of the cathode, the
dc discharge current does not increase very much with
increasing buffer gas pressure. This prevents switching
from an anomalous glow discharge, characterized by low
current and high voltage, to a normal glow discharge with
high current and low voltage.

The vacuum system consists of a difFusion pump
backed by a mechanical pump. This allows a fast Bow
rate, but prevents high pressure measurexnents (p ) 35
mTorr) due to the failure of the difFusion pump in main-
taining a constant Bow through the cell. Reduction of
the pump throughput to raise the pressure in the cell
above this limit gives poorer spectra. The pressure is
monitored by a MKS Instruments capacitance manome-
ter with a resolution of 0.1 mTorr.

An input Bow of a 1:1mixture of CO and H2 was set to
give a constant pressure in the cell (in the 0.5—2 mTorr
range) and the discharge voltage was set to the maxi-
mum value allowed by the discharge power supply (3.8
kV), then an Ar fiow was introduced into the cell. Even
with a discharge current less than 1 xnA, at Ar pres-
sures of a few mTorr, HCO+ could be detected in the
liquid-nitrogen-cooled anomalous glow discharge. The
total pressure was adjusted by changing the buffer gas
input rate. The discharge current ranged froxn 1 to 20
xnA for Ar pressures between 2 and 35 mTorr; the dis-
charge voltage was alxnost constant after dropping from

3.8 to 3.4 kV for currents higher than 5 mA: under these
discharge conditions the HCO+ signal was a maxim»m
at each pressure. Changes in the discharge current of 10
mA induce variations in the total pressure of only a few

tenths of a xnTorr. Measurements at constant discharge
current, instead of constant discharge voltage, showed no
significant change in the broadening parameters. In addi-
tion, measurements under such conditions can be carried
out only over a limited range of pressure, since at higher
pressures the HCO+ line becoxnes very weak.

A critical operating condition is the cell cooling. If the
plastic tube wound around the cell is not completely full

of liquid nitrogen, the wall temperature tends to rise and
the linewidth is immediately affected. Other conditions
were tested, such as different pressures of the CO-Hz mix-
ture or different pumping speeds, but the collisional pa-
rameters were not affected significantly. Thus, statisti-
cal fiuctuations or uncontrolled systematic efFects (often
related to background problems in line profile analysis)
seem to dominate the uncertainties. Measurements for
lines of different J were carried out under similar condi-
tions. If systematic errors related to the discharge pa-
rameters are present, they should affect the results for
different J's in the same way, thus preserving the ac-
curacy in the trend of the collisional parameters as a
function of the rotational quantum number.

IV. DATA ANALYSIS

To recover collisional linewidth &om the recorded spec-
tra, we exnployed the Pickett's convolution method [19]
also described in Ref. [20]. In this procedure, it is impor-
tant to have a good quality reference spectrum recorded
at low pressure and with the base-line removed. The
same modulation scheme and modulation depth of the
reference have to be employed for all the spectra. All the
pressure independent efFects, such as Doppler broadening
and spectral modulation, are contained in the reference
spectrum. This is then convoluted with a Lorentz func-
tion to account for the collisional contribution to the line
shape of the higher pressure spectra. The experimen-
tal profiles were fitted in the least-squares sense to this
convoluted spectrum with the inclusion of base-line cor-
rections.

Because of the poor signal-to-noise ratio in the low
pressure spectra, reference spectra were recorded at an
Ar pressure of 7 mTorr. The base-line was removed by
subtraction of a polynomial curve 6tted to the points at
both sides of the spectral feature. The 6tted Lorentzian
widths are half-widths at half maximum (HWHM) and
are relative to the pressure difFerence (in the range 0—30
mTorr) between the broadened and the reference spec-
trum.

For each line 5—7 series of measurements at 7—9 increas-
ing values of Ar pressure were carried out. The linear 6ts
of the fuO set of Lorentzian linewidths for each rotational
transition are reported in Fig. 3. The data were weighted
by the squared reciprocal of the uncertainties &om the
pro6le 6ts.

Another method to analyze the line shape is to fit
the spectrum to a profile which explicitly accounts for
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frequency modulation. The implementation of such a
method for second harmonic FM detection of Doppler
and pressure broadened lines has been previously de-
scribed [18]. The experimental 2 f signal is fitted to
the computed second Fourier component of a modulated

Voigt pro61e. The asymmetry of the spectral lines due to
the frequency dependence of the efFective path length in
the &ee space absorption cell is accounted for by means
of a suitable distortion term. In this way the apparent
instrumental line shift can be allowed for, thus giving
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FIG. 3. Plots of Lorentzian linewidth (HWHM) vs pres-
sure for HCO+ lines broadened by Ar. The straight lines are
the least-squares fits of the data.
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FIG. 4. Plots of frequency shift vs pressure for HCO+
lines perturbed by Ar. The straight line is the least-squares
fit.
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a better evaluation of the pressure-shift. We have also
adopted this procedure in studying the frequency shift
induced by collisions.

Pressure-shift measurements are more critical than
pressure-broadening measurements, mainly because &e-
quency shifts are small and compete with instrumental
shifts. The latter can be corrected for by adjusting the
standing wave pattern in the cell, so affecting the asym-
metry in the second harmonic line pro6le, which is re-
sponsible for the apparent line shift. But the efFective
path length in the cell also depends on the plasma con-
ditions, which change during the experiment particularly
at higher pressures. It is therefore difficult to control line
asymmetry sources and we were unable to record pairs of
spectra at the same pressure with opposite asymmetry,
a procedure which allowed us to properly account for in-
strumental line shift for carbonyl sulfide (OCS) rotational
transitions [18]. For the J = 1 ~ 0 line the presence of a
sixth-harmonic small signal due to the J = 2 E—1 transi-
tion contributed to the line shape asymmetry. The com-
petition of the factors made it difficult to correct for the
instrumental line shift and this is refiected in the disper-
sion of the pressure-shift data, as shown in Fig. 4(a). For
the J = 2 f—1 and J = 4 E—3 transitions the pressure-
shift parameters are predicted to be smaller than that
of the J = 1 E—0. This fact, in combination with
the problems discussed above, allowed us to determine
only the sign of the pressure-shift. Figures 4(b) and 4(c)
show that, despite the scatter of the data, there is a def-
inite positive trend of line shift versus pressure for the
J = 2 ~ 1 transition, and a de6nite negative trend for
the J = 4 f—3 transition. The line shift data shown in
Fig. 4 are the result of several series of measurements at
increasing pressure; the center frequency of the lowest-
pressure spectrum in each series was assumed as a ref-
erence for determining the &equency-shift of the higher
pressure spectra.

Finally, we examined the sources of broadening at very
low pressures in an attempt to determine the ion temper-
ature &om the Doppler width. For this purpose the line
profile was 6tted to a modulated Voigt pro6le, as ex-
plained above. The J = 4 E—3 is a good test transition,

since the Doppler width at 77 K is comparable to the
Lorentz width in the medium pressure range. Because of
the correlation between the two width parameters in the
line pro6le 6t, we performed a global 6t in which all the
spectra of a complete sequence recorded with increasing
Ar pressure (3—20 mTorr) were simultaneously fitted to
the line profile model with the linewidth parametrized
by only three fitting parameters (the Doppler width, the
pressure-broadening coefficient, and the residual Lorentz
width at zero Ar pressure).

Three series at difFerent CO-Hz mixture pressures (0.5—

2 m Torr) were examined. The fitted pressure-broadening
parameter agreed with the value obtained previously; the
average Doppler width was 172(2) kHz, corresponding to
a 53 K temperature. This low value suggests that the
Voigt profile might be not fully adequate in describing
the line profile. In fact, since the Voigt pro61e neglects
the correlation between Doppler and collisional broad-
ening, more complicated line shapes were proposed [21,
22]. An attempt to fit the experimental profiles to such
line shapes, fixing the Doppler width at the value cor-
responding to 77 K, led to a better residual pattern. A
more detailed investigation of this effect could give in-

formation on the diffusion coefficient of HCO+ in argon,
but this is not the aim of the present paper. We conclude

by pointing out that the use of these more sophisticated
line shapes affects negligibly the collisional broadening
and shift parameters, while leading to rather different
results for the residual Lorentzian width at zero Ar pres-
sure, which accounts for collisions with CO and H2.

V. RESULTS AND DISCUSSION

Measured and calculated values for collisional line

broadening and shift are reported in Table I. The ex-
perimental errors are lo statistical uncertainties &om the
linear fit. They overestimate the accuracy of the pressure
broadening parameters. From an analysis of different se-
ries of measurements this can be estimated to be about
5%. For two lines we could evaluate only the sign of the
pressure shift. The 30 uncertainty for the shift of the
J = 1 ~ 0 transition is 8'%%up of the parameter value and

TABLE I. Measured and calculated broadening and shift parameters of HCO+ rotational lines
perturbed by argon at 77 K.

Line
Jll

Prequency
(MHz)

89 188.53
178375.06
267 557.619
356 734.25
445 902.996
535 061.711

Broadening
(MHz/Torr)

Expt.

21.49 (21)
17.51 (19)

14.56 (7)

Theor.

21.02
17.22
13.17
10.25
8.15
6.58

Shift
(MHz/Torr)

Expt.

+2.27 (6)
+

Theor.

+2.91
+0.85
+0.01
—0.28
—0.40
—0.48

The standard errors &om the linear 6t in units of the last quoted digit are reported in parentheses.
They overestimate the accuracy of the pressure broadening parameters. Prom an analysis of different
series of measurements this can be estimated to be about 570.

G. A. Blake, K. B. Laughlin, R. C. Cohen, K. L. Busarow, and R. J. Saykally, Astrophys. J. 31B,
L45 (1987).
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this seems a reasonable accuracy for this type of mea-
surement.

The theoretical values were calculated using the theory
described in Sec. II and assuming a temperature of 77
K. We used a value of 3.91 D [23] for the dipole of HCO+
and 1.64 x 10 cm for the argon polarizability [24].

The reliability of the approximations involved in the
theory is better when the broadening cross section o =
i'/nv is much larger than the kinetic cross section I.n
our case the radius of the broadening cross section is of
about 1 nm, hence this condition is well satis6ed. In
order to evaluate the error due to the use of straight
line collisional trajectories, we must compare the average
kinetic energy to the energy of the monopole-monopole-
induced dipole interaction, at an ion-perturber distance
equal to the average cuto8 radius. In our case the inter-
action energy is about 10% of the translational energy, so
that some improvement of the calculated values could be
found by a numerical integration of the translational mo-
tion in Eqs. (22)—(24). This work is in progress. However,
this kind of error is of the same order as those due to the
other approximations used by the theory: semiclassical
approximation and second order scattering matrix.

On the whole, in view of the experimental errors and of
the approximate character of the theory, the agreement
between measurements and calculations is satisfactory.
There is a good agreement for the magnitude of the two
measured parameters, the decrease with J of the broad-
ening, and the change in sign of the shift parameters.

The largest difference (30%) is found for the broaden-
ing of the J = 4 ~ 3 transition. This seems to indicate
that the theory overestimates the decrease of the broad-
ening parameter for increasing J values, a feature already
noted for the ATC calculations of the broadening of the
lines of neutral molecules [20, 25]. The J dependence of
the broadening parameter is essentially due to the energy
differences between the initial and final states of the line
J' Jf and the near-lying states Ji 6 1, Jf 6 1 . This af-
fects u in Eq. (22), k in Eq. (25), and k;, and kff in
Eq. (33). Hence, the discrepancy could be due to a too
rapid decrease, for large values of k, of the broadening
resonance function g(k) defined by Eq. (28). However,
a reliable analysis of this minor discrepancy would be
possible only with a more extended study, including also
other J values.

For the moment, we restrict ourselves to conclude that
the experimental data con6rm what we have shown in
Sec. II on the interactions affecting the shape of the lines
of molecular ions by collisions with neutral perturbers.
The efFect of the ionic monopole is restricted to that af
inducing on the neutral perturbers a polarization that
can cause relaxation by interaction with the permanent
moments of the absorbing ion, with the exclusion of the
monopole. Among these, the dipole-monopole-induced
dipole interaction makes by far the largest relaxation ef-
fect.

Hence, the theoretical treatment that we developed in
this paper in the kame of the ATC approximation can
have a general use for the calculation of the broaden-
ing and shift of the lines of molecular ions by collisions
with neutral perturbers. If the perturber is not a noble

gas atom, but a molecule with permanent multipolar mo-

ments, the interactions between the permanent moments
of the absorber (with the exclusion of the monopole) and
of the perturber must be also taken into account, fol-

lowing the methods used for a long time for neutral ab-
sorbers.
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APPENDIX

In a reference system with the y axis in the direction
of the straight line classical trajectory and the z axis in
the direction joining the centers of the two molecules at
the moment t = 0 of closest approach, we have R = 0,
R& ——vt, R, = b, and R = gb2+ v t . Hence

, , —2 qp R(t)
Rs(t)

( +~ eiautb

exwtvt
dt !(b2 + v2t2)s

2o'g (pzlz + lyly) . (Al)

+OO rut
dt

JJ (b2 + ii2t2)3

(A3)

where k = ~b/v.
Now, in order to evaluate ReP(b, e)o„i~,,o in Eq (22),

we must calculate IV(u) I2 and perform an average on the
direction of p. Since the average of iLi, and p,„ is p /3,
while the average of p p„ is 0, from Eq. (Al) we have

l&o J-ll&(~- )llo' ~.'&I'

= l&a J.llvllo', J.') I' 4~'g' &I' —I)—
3' A g p= l&a J-ll~llo' J.') I

(A4)

where the resonance function g(k) is given by Eq. (28).
The use of Eq. (A4) in Eq. (22) yields Eq. (25). The

The two integrals I, and I„can be calculated by contour
integration:

+OO &iwtg
(3 + 3[k! + k'),

b2 + v2t2 s 8vb4

(A2)
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integration that yields Eq. (29) from Eq. (24) is com-
pletely analogous, but for the Racah coefficient due [8]
to the sum over the degenerate magnetic quantum num-
ber. We note that the average on the direction of the

dipole moment could also be performed by the use of
spherical harmonics, as in Refs. [6, 13] for different inter-
actions. We preferred the present scheme for the sake of
simplicity.
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