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The fundamental bands of ®NeH* and **NeH* in the region around 3.7 um have been observed in
absorption. The wave numbers of 11 transitions of NeH* and 8 transitions of *NeH* have been measured,
from which we obtain the following molecular parameters (in cm ™", three standard deviations in parentheses):

ZONeH+
vy 26717. 856 4(13)
B, 17.33821(28)
(B, -By) —1.08296(18)
Dyx10° 2,692(15)
(D, -Dy)x10° —0.0235(72)

ZZNeH«t

2672, 497 1(15)
17,263 69(32)
—1,075 95(26)
2,664(19)
—0,023 2(72)

The equilibrium molecular constants B,, a,, D,, 8., ®,, ®,X,, and r, have also been derived.

edler

I. INTRODUCTION

Recently, the infrared fundamental band of HeH* has
been detected in absorption! using a difference frequency
laser system?® and a multiple-reflection discharge cell.
This technique was developed by Oka to observe the vi-
bration-rotation spectrum of Hj.3

In the present paper, we report the observation of the
fundamental bands of ?®NeH* and #*NeH" (8.8% natural
abundance). Our observations represent the first high
resolution spectroscopic detection of these molecular
ions,

A number of ab initio calculations have been per-
formed on NeH* %% and the high quality CEPA calcula-
tions of Rosmus and Reinsch® provided good estimates
of the molecular constants which greatly alleviated our
search problem. Estimates for the molecular constants
of the protonated rare gases are also available from a
number of experiments such as beam scattering? or as-
sociative ionization, ® but the accuracy of these estimates
is low.

Eleven transitions P(4) to R(6) in the fundamental band
of ®NeH' and eight transitions P(3) to R(4) of NeH* have
been observed. Accurate molecular constants have been
determined for the ground and first excited vibrational
states of each isotopic species and from these param-
eters equilibrium molecular constants have been de-
rived,

The observed transition frequencies may prove use-
ful for the infrared detection of 2®NeH* and #*NeH" in the
interstellar medium.

{l. EXPERIMENTAL

The difference frequency infrared laser system and
multiple-reflection discharge cell used in the present
study has been described by Oka®; minor changes have
been made by Bernath and Amano.! Briefly, several
Lw of tunable infrared radiation were generated by mix-
ing the output of a cw dye laser with that of a single
mode argon ion laser. The laser beam was passed 16
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times through the ice-cooled discharge cell for a total
path length of 32 m. The infrared source was frequency
modulated at 2.5 kHz and the absorption signal and the
reference signal were demodulated with 2f and 1f phase
sensitive detection, respectively. The reference gases
used for infrared frequency calibration were H,CO, ®
H,S, 1° and N,0'; the absolute accuracy of the frequency
standards employed should be about +0.0005 cm™. Our
frequency measurements, which were based on linear
interpolation with markers at 300 MHz intervals, had a
comparable uncertainty, We estimate that the absolute
accuracy of the ®*NeH* and NeH* measurements is
about +0, 001 cm™,

It was noted by Bernath and Amano! in their detection
of HeH" that a dilute mixture (1: 100) of H, in He should
be used for the optimum signal. Brault and Davis also
recognized that very little H, was necessary in their
study of ArH"* by infrared emission'? and we find that
this is also the case for NeH*, This general character-
istic of HeH*, NeH*, and ArH" ions is due to the fast
reaction®®

XH* +H,~ X +Hj ,
which removes XH*. Before searching for NeH*, we
detected the transition R(5) of ArH" (at 2696, 3731
cm™), ' as well as the transition P(2) of HeH® (at
2771.8059 cm™)! in order to establish favorable experi-
mental conditions for NeH".

The theoretical calculations of Rosmus and Reinsch®
predict the band origin to be at 2670+20 cm™, With
ice-water cooling, the NeH" rotational temperature was
expected to be about 450 K. Therefore, the maximum
absorption should occur at R(2) or R(3). On the basis
of these considerations, the infrared frequency was
scanned from 2733 up to 2772 cm™ in 1 cm™ intervals.
The scanning speed was ~0.5 cm™/min with a time
constant of 400 ms and the overall sensitivity of the
search was 1X10"5-1x10® cm™. Four lines were found
in the above frequency range and they were identified as
the R(1) and R(2) transitions of ®°NeH"* and #*NeH* from
the frequency spacings and relative intensities., The
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FIG. 1. The R(3) line of the v = 1~ 0 band of *’NeH" at

2794, 2240 em™! in absorption obtained with frequency modula-
tion and 2f phase sensitive detection. The reference lines of
H,CO were taken simultaneously with 1f phase sensitive detec-
tion. The time constants were 0,125 s.

optimum current density was found to be about 30 mA/
cm? with a Ne pressure of 160 Pa, The optimum signal
was obtained when no H, was added to the Ne sample.
Evidently, the hydrogen (as H,O, etc.) which was pre-
sent as an impurity in the Ne sample or in the discharge
cell was sufficient to generate the required concentra-
tion of NeH" ions, The sample of Ne (99, 99% minimum
purity) was supplied by Matheson,

lIl. RESULTS AND ANALYSIS
A The observed spectra of 2°NeH* and 2’NeH*

Sections of the observed absorption spectra of ONeH*
and #NeH"* are shown in Figs. 1 and 2. The strongest
observed line R(3) of ®NeH" is illustrated in Fig. 1
along with the nearby H,CO reference lines. Figure 2
is a trace of the line R(3) of ®NeH’. Table I lists the
wave numbers of the observed transitions.

The lines observed for ?*NeH* and 2*NeH* had a Dop-

pler width (HWHM) of about 140 MHz, which corresponds

to a translational temperature of about 500 K. However,

T [ I -
2788-40 278835 278830 cm”!
Hp CO reference
22NeH*
R(3)

FIG, 2. The R(3) line of the v=1~ 0 band of *’NeH" at
2788,4168 cm™! in absorption obtained under similar condi-
tions as Fig. 1 except that the time constants were 0.4 s.

from the relative intensities of the transitions the rota-
tional temperature was estimated to be about 700 K.
For the R(4) line of 2°NeH®, the absorption (in a path
length of 32 m) was measured by amplitude modulation
to be about 7.3%. Using the transition dipole moment
from the ab initio calculation of Rosmus and Reinsch®
and the molecular constants determined in this work,
we estimate the average concentration of 2®NeH* to be
about 2%10*° molecules/cm?,

B Determination of the molecular parameters

The vibration-rotation term values of a 'T state are
given by

F()=T,+BJ(J+1)=DJYI+1¥+HJ}J+1)* (1)

and the transition wave numbers in the v=1-0 band by

v(m) =vg+v,(m), (2a)
where
vo=Ty~ Ty, (2b)

TABLE I. Observed wave numbers (in em™!) for the fundamental bands of *’NeH"* and **NeH"

(Obs,—Cale. in units of 10" em™).

2NH* 2NeH*
Transition Obs. Obs.~Cale.? Obs. Obs.—Cale.?
R(6) 2856,3412 0 LR see
R(5) 2838.1535 2 e (XX
R(4) 2817.4273 -4 2811.5467 -4
R(3) 2794.2240 0 2788.4168 10
R(2) 2768.6034 4 2762.8834 -3
R(1) 2740.6262 0 2735.0111 -7
R(0) 2710,3557 -5 2704.8620 0
P(1) 2643.1910 3 2637.9816 12
P(2) 2606.4239 1 2601.3746 -12
P(3) 2567.6203 —4 2562.7479 3
P(4) 2526, 8468 0 s see

2Calculated with the constants of Table II.
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v,{m) = 2Bym + (B = Bg) m{m + 1) = 4Dym®
= (Dy = Doym®(m +1)% + 2Hym®(3m? + 1)
+(Hy, = Hym¥(m +1)° , (2¢)

and m is a running index with m = —J for P-branch lines
and m =J+1 for R-branch lines. The least-squares fit
was made using Eq. (2).

In preliminary least-squares fits of the 2*°NeH" data,
the parameters H, and H, could not be determined.
However, a reliable estimate for H, can be made by
using the equation'*1®

H, §—§s (12B2 - ayw,) , (3)

where the subscript ¢ indicates equilibrium values., For
HeH'! and ArH', ' the above equation was found to give
H, within 10% of the experimental values. For °NeH®,
H, was calculated to be 1.5%10°" cm™ from preliminary
molecular constants, At the highest J concerned (J=6),
the contribution of the fifth term in Eq. (2c) due to H,
~H, is about 0.01 cm™, Thus, although H, could not

be determined from the data in Table I it should not be
neglected. Since (H, — Hp) is likely to be less than 10%
of H,, we neglected the vibrational dependence of H,.

For ®*NeH®, the first four parameters of Eq. (2),
namely v, By, (By - Bp), and D,, were adequate to give
an acceptable fit but (D, = Dy) could not be determined.
The parameter (D — D) 28! of 22 NeH" is related to the
paraaneter (D, - Do) of NeH* by the isotopic relation-
ship

(D} ~ D}y =p%(D, = D) , (4)

where p=v /!, g, and p! are the charge-modified
reduced masses!® of 2NeH" and 2NeH*, respectively.
The parameters for *NeH* are distinguished with a
superscript { whenever necessary. The final least-
squares fit was carried out using Eq. (4) as a constraint
and with H, and H, fixed at 1.50%107" cm™ for *°NeH*
and 1.48x10"" cm™ for #NeH*. The values of the pa-
rameters and their uncertainties are given in Table II.
The residuals, (obs. —cale.), ofthefitaregiven in Ta-
ble I, The rms deviations for 2®NeH" and ®NeH" are
0.0003 and 0.0008 cm™, respectively. The introduction
of Hj into the fit had little effect on vy, By, (B; - By),

and Dy, but the parameter (D, - Dg) changed by about

TABLE 1I, The molecular constants of the fundamental bands
of 2°NeH* and ®NeH* (in em™),2

2NeH* 2NeH"
v, 26717. 856 4(13) 2672.497 1(15)
B, 17,338 21(28) 17.263 69(32)
(B — By) —1.08296(18) —1.075 95(26)
Dyx10° 2,692 (15) 2.664(19)
(Dy - Dy)x 10° ~0,0235(72) ~0.0232(72)
Hyx10"® 1.50 1.48
(Hy ~H,)® 0.0 0.0

2Errors are three standard deviations.
PFixed, See the text for details.

TABLE IlI, The equilibrium molecular constants* of ’NeH*
and *2NeH",?

ONeH* “NeH'

Expt. Cale.® Expt.
B, 17.88(2) 17.72 17.80(2)
o, 1.08(4) 1,096 1,08(4)
D,x10° 2.704 (17)? ) 2,676 (19)
Bex 10° -0,0235(72)% oo ~0,0232(72)
e 2900(6) 2896 2894(6)
We¥e 111(6) 113 111(6)
7 0. 991 3(6) 0.996 0.9913(6)

2As defined in Eqs. (5)—(9).

®All units are in cm™! except 7, which is in &,

SCEPA calculations of Ref. 8.

%Uncertainties for D, and 8, are three standard deviations, all
other uncertainties are estimated in the text,

three times the standard deviation. This correlation
between H, and (D, — Dy) was not unexpected as they are
both determined by the higher J transitions.

C Estimation of equilibrium molecular constants

While the Born—-Oppenheimer approximation holds
quite well for heavy molecules, it begins to break down
for lighter molecules and higher order corrections
must be considered in obtaining the equilibrium con-
stants. Even for a diatomic molecule, it is a difficult
task to study these higher order corrections as this re-
quires a knowledge of precisely measured molecular
constants of the molecule in several vibrational levels.
In addition, this information is required for two or more
isotopically substituted molecules with each atom sub-
stituted at least once.'® Although we have data for two
isotopic species in two vibrational levels, the data are
insufficient to observe the breakdown of the Born—-Op-
penheimer approximation.

We define the equilibrium molecular constants to be
as given by the following equations'%:

By=B,-0.5a,+0,257,+¢+- , (5)
B, —Bg==a,+2Y,+°°" , (6)
Dy=D,+0.58,+°°- , 7
Dy~ Dy=Be+--- , (8)
V= Wy — 2WeXy + 3. 25wy, + Swezo+ oo - 9

The constant B, and o, were derived from Eqgs. (8) and
(9) by neglecting y, and higher order terms. An esti-
mate of the size of y, is available from y,~(B,/w,) ¢,
=0.007 cm™, the neglect of y, thus would result (con-
servatively) in an error of about 0.04 cm™ in a, and
0.02 cm™ in B,. The equilibrium bond length was cal-
culated from B, without further corrections. The cor-
responding isotopic equation for Eq. (9) is

(10)
Neglecting w,y, and w,z, in Egs. (9) and (10) resulis in

Vi =pw, = 20%w X, + 3. 250% w ¥, + 5% w,z, .
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w,=2900(6) and w,x,=111(6) cm™ for 2®°NeH*. The equi-
librium constants are summarized in Table III.

1V. DISCUSSION

The experimental equilibrium molecular constants for
the protonated rare gas ions test the quality of the ab
tnitio predictions, Table III shows a comparison of our
experimental constants for NeH* with the theoretical
results of Rosmus and Reinsch.® Our observed con-
stants are in good agreement with the calculated values.

The technique of difference frequency laser spectro-
scopy has considerable potential for the systematic
study of electrical discharges. Translational and ro-
tational temperatures as well as average ion concentra-
tions are easily measured. It is interesting to compare
the behavior of HeH*, NeH', and ArH' from the limited
available data. At the same discharge current of 140
mA and with liquid N, cooling for HeH" and ice-water
cooling for NeH* and ArH*, the translational tempera-
tures of HeH’, NeH*, and ArH* are 200, 500, and 740 K,
respectively, and the estimated ion densities are 7x10°,
2x10'°, and 9x10'° molecules/cm®, respectively.
These variations between the ions could be due to dif-
ferences in the reaction kinetics, A systematic study
of the effective translational, rotational and vibrational
temperatures from the linewidths and intensities of the
fundamental and hot bands with respect to discharge
current and mixing ratios of the neutral species could
help to check ion—molecule reaction schemes and elec-
trical discharge theories.
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