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Near-infrared spectroscopy of H ; above the barrier to linearity
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The first H; transitions above the barrier to linearity have been observed in absorption in the near
infrared using a highly sensitive dual-beam, double-modulation technique with bidirectional optical
multipassing. A total of 22 rovibrational transitions of Hhave been detected and assigned to the
fourth and fifth overtone and combination bands:{55v3, 2v,+2v3, 3v,+ vy, vi+4v3, 21,

+3v3, and &3). These transitions, which are more than 4600 times weaker than the fundamental
band, probe energy levels above 10 000 énthe regime in which Bl has enough energy to sample
linear configurations. Experimentally determined energy levels above the barrier to linearity provide
a critical test ofab initio calculations in this challenging regime. The comparison between
experimental energy levels and theoretical energy levels fibnmitio calculations in which the
adiabatic and relativistic corrections are incorporated reveals the extent of higher-order effects such
as nonadiabatic and radiative corrections. We compare our results with several recent theoretical
calculations. ©2003 American Institute of Physic§DOI: 10.1063/1.1575737

I. INTRODUCTION rists has been essential in the development fdpectros-
) ) ~copy: theoretical predictions help the experimentalists’
The molecular ion E‘ the simplest stable polyatomic search for new transitions, and accurate experimental fre-
molecule, performs an important role in the chemistry ofgencies enable theorists to improve the potential energy sur-
hydrogen-rich plasmas and in the evaluation of theoreticaj,ces and variational calculations. In this paper, we present
calculations of rovibrational levels in polyatomic molecules. g regyits of a new laboratory investigation of overtone and
The ground-state equilibrium geometry of Hs an equilat- . mpination bands of H, beyond the barrier to linearity

eral trigmgle, resulting in unugual_spectroscopic propertie_sand higher in energy than any previously detected transi-
An obvious consequence of this high degree of symmetry ig,ng These transitions, which are more than 4600 times

that the ion has no permanent dipole moment and, thus, qf?/eaker than the fundamental baffdoccur in the near-
n

ordinary rotational spectrum. No stable elecfcronic excite frared region and were observed in absorption. The detec-
states of i have ever been obsgrved, and n fact _theorytion of these transitions required the development of a high-
suggests that a discrete electronic spectrum is unlikely t?esolution high-sensitivity spectrometer
'?hxelfgfo-l;geisoglsyvie;)\/rzltliizlzl ;pgg::s;coplc signature ¢f,H An experimental setup using the combined techniques of
- o P ' velocity modulation(VM), phase modulatiofPM) with het-
The initial motivation for the laboratory spectroscopy of . T . . .

HY was to facilitate its astronomical studv. As the mosterodyne detection, bidirectional optical multipassing, and

3 Y- dual-beam subtraction was developed in order to detect these

abundantly produced molecular ion in interstellar clouds, stremelv weak H transitions. The velocity modulatiod
H§ , the universal proton donor, plays the most fundamental y 3 ' Y '

role in the chemistry of the interstellar medium. The im‘raredWhICh is commonly used in positive column plasma spec-

absorption spectrum of Hwas first observed in the labora- troscopy to modulate and discriminate ion lines from neutral
tory by Oka in 1980. Trafton et al?> made the first nonter- lines, i_s sgupplemented by phg;e Imodulation apd heterodyne
restrial observation of H in the ionosphere of Jupiter in detection” at 500 MHz to minimize the 1/noise of the

1987, although it was not positively identified until 1989. laser. The overall sensitivity is close to shot-noise limited, as
More recently, H has been detected in the interstellar detailed in Sec. lil. . o _
medium®S Since then, many additional ‘Hspectra have The primary motivation for continuing thg study of vi-
been recorded, both in the laboratory and in space—afd pbrational states beyond those spectroscopically probed to
has been the focus of many revief74®with numerous the- date is to assist in the development of theoretical calculations
" + . . . .
oretical studies and 17 laboratory spectroscopic studies i2f Hs. The variational treatment of the kinetics of three
cluding over 800 observed transitions, the spectrum of H protons in theab initio potential surfaces, which has been
below 9000 cmit is well understood® successful so far, may not be as effective near the barrier to
Collaborative effort between experimentalists and theolinearity due to a singularity in the Hamiltonian that occurs
whenever H samples a linear configuration. Experimentally
AElectronic mail: jgottfri@uchicago.edu determined energy levels are therefore essential as a check

Ypresent address: Department of Chemistry and Department of Astronom{pr various theoret'cal_ techniques for CalCUIa:tmg t_he energy
University of California at Berkeley, Berkeley, CA 94720-3411. levels to spectroscopic accuracy and studying higher-order
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effects such as the adiabatic and nonadiabatic corrections te—3. For transitionsg’= *+2«g”"=—(*1), etc., which
the Born—Oppenheimer approximation, as well as relativistidormally look like AG=1, n is used. For highly mixed levels
and radiative corrections. Although the high-energy levels whereg changes by more than 3, the numerical valué &f
(>11000 cm') in this work are considerably above the is used (6,=9,...). A more thorough discussion of the
highest levels observed thus far in the astronomical plasmaguantum numbers and selection rules fgr &an be found in
of Jupiter's ionosphere (6669 crh in the overtone barfd the review by Lindsay and McCalf.

and 7992 cm?! in hot band¥), they may be observable in

Jupiter and other high-temperature astronomical objects in

the near future. B. Theoretical calculations

Because H is the simplest polyatomic molecule, a great
many ab initio theoretical papers have been published on
it'*2?2 since the earliest work by Coulsthin 1935. Just as
molecular hydrogen has served as the model foathaitio
studies of diatomic molecules gHhas been used as a bench-
%nark for theoretical calculation of polyatomic molecules
from first principles.

Using anab initio potential energy surfacé,Carney and
Porter were the first to calculate rovibrational energies f H
i in 19762° This theoretical prediction helped the laboratory

vo modes, and =vy,v,~2,...,~ v, is the quantum number  orectiod of the fundamental band of Hand its analysis by

for vibrational angular momentum.. . ) . Watson. The accuracy adb initio calculations improved
Because of the small mass of its nuclei and its relatively

hall ial . highl h ic vib q greatly after the laboratory detection. In 1986, Meyer,
shallow potential, %I IS a highly anharmonic vibrator an Botschwina, and Burtdfi (MBB) published a potential,
the harmonic selection rulea¢,=1 andA¢=*=1) are not

which, after a small correction by a scaling factor to match

opeyed, especially for the highly excited st.ate's reported il?he observed, band origin of H , gave accurate values and
this paper. The quantum numberfor the projection of the predictions for excited vibrational states of knd its isoto-

rotational angular momenturd along the symmetry axis pomers. The corrected MBB potential has been used exten-

identifies the parity of the levéP but is not a convenient sively by Miller and Tennysoﬁ‘zg for a generation of l§|

qua_ntum _number to specify energy and permutation SYMM& alculations based on the variational formalism of Sutcliffe
try in excited states of the, mode, due to the strong Cori-

t ling bet the Totational and vibrational | and Tennysor® Those calculations were essential for the
Ol coupling between the ro ? lonal and vibrational angu aras;signment of the laboratory spectrum of hot batidsser-
momentum. Instead, Hougen’s quantum nurfbgek— ¢

; " t 2 and forbi transitior the ast i-
or its absolute valug=|k—£| specifies the energy and one band$? and forbidden transitioi$ and the astronomi

trv of th ibrational levels. Th " cal spectrum of JupitérDinelli, Miller, and Tennysorf also
symmetry of the rovibrational Ievels. The guantum nur _glper used theab initio potential energy surface published by Lie
is associated with the spin modification og’l;-|g= 3n(nis

and Fryé® to generate a spectroscopically determined poten-
an integey corresponds tartho-H; (1=3/2) andg=3n y g P picaly P

1 ds t HE (1=1/2 herel is th tial surface.
+1 corresponds tparaH; (I1=1/2), wherel is the quan- In the last decade, theoretical calculations have been fur-

tu[n nl:lmbAer for the total nuclear spin angular momentum per improved, reaching near spectroscopic accuracy.
=l,;+1,+15. The electric dipole selection rules for these Watsori®’ developed a semiempirical potential energy sur-
quantum numbers atkg=3n andAk=odd, the latter from face by adjusting the MBB potential to match the laboratory
the selection rule for parity<€ 1). Although the only rigor- spectrum and provided accurate predictihsyhich we
ously good quantum numbers are the quantum nuilfer  have used over many yedfsRohse, Kutzelnigg, Jaquet, and
the total angular momentuf=J+1 and parity+ (selection  Klopper® (RKJK) published a potential energy surface with
rule: + < —), J andl can be considered good quantum num-microhartree accuracyerrors less than 1 cnt) in 1994.
bers because of the weakness of the nuclear spin—rotatiddinelli, Polyansky, and Tennysthdeveloped a semiempir-
interaction and the selection ruldad=0 andAJ=0, =1 are ical potential based on the RKJK potential which led to the
strongly obeyed. The notation used in this paper fortkan-  very extensive calculation of Neale, Miller, and Tennyon
sitions is that detailed in the recent review by Lindsay andNMT), who gave frequencies and intensities for 3 million
McCall** for both the band symbol transitions with high accuracy. The adiabatic correction for
the breakdown of the Born—Oppenheimer approximation
was calculated by Dinelit al*? The most accurate potential
and the branch symbol to date is that of Cencek, Rychlewksi, Jaquet, and
(nl= 618k} p| Q| R} (3", G Ul @ Kutz_el.niggj13 (CRIK), who took into account adiabatic and
relativistic corrections. The most recent calculations based
whereP, Q, andR represenAJ=—1, 0, and+1; u and| on the CRJK potential have given theoretical values of spec-
differentiate pairs of levels with the same value®f(and  troscopic accurac$#~*°Quite independently, Aguadet al>°
different values ok and¥) for the upper state. WheAG published a global potential surface which is suitable for
#0, the value ofAG is specified by the leading superscript, dynamical calculations. A recent paper by Lindsay and
wheret corresponds t&dG= +3 andn corresponds ta G McCall** summarizes the different theoretical approaches

1. BACKGROUND
A. Quantum numbers

As a symmetric top molecule witBg, symmetry, H
has three vibrational degrees of freedom resulting in tw
modes: the totally symmetricdi) modew, is infrared inac-
tive, and the doubly degenerat&’() bending modev, is
active. Vibrational states are labeled 181921+vzvg, where
v, andv, are the vibrational quantum numbers of tieand

U1V1+U2V‘2€|H0 (1)
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20 Morse potential ¢>r> —x) does not satisfy the boundary
condition @>r,=0), they used a basis set composed of
spherical oscillator functions. This has allowed them to
handle the singularity problem at linear geometriés Q, ,
or r,=0), although a subsequent comparison with experi-
mental energy levet§ has shown that this method suffers
from poor agreement at high rotational levelsX8). This
shortcoming has been overcome recently by the use of the
Radau coordinateR}(,R,, 6), in which thez axis is perpen-
dicular to the plane of the molecuté.
A more efficient and elegant way to treat the large am-
plitude motion of H is to use hyperspherical coordinates
6, ¢). The basis set of hyperspherical harmonics not only
allows rigorous treatment of singularities in the kinetic
Hamiltonian, but also retains tHes;,, permutation-inversion
symmetry of the system, so that full advantage of the sym-
I | I | I I metry properties of the molecule may be taken. Although
10 -08 -06 -04 -02 0.0 Whitnell and L@gh?z used hyperspherical coordinates in
which thez axis is in the plane of Kl for their calculation of
o/n vibrational energy levelsJ=0), subsequent rovibrational
FIG. 1. One-dimensional cut of the potential energy surface dfsBet al. calculations usgd ‘]Ohnsoln,s Ham"to_nﬁrwhmh Was based
(Ref. 39 along with calculated rotationlesg £ 0) energy levels. This slice 0N the formulation of Smith and Whitt&h>>in which thez
of the potential surface was created by varying two equal H—H bond lengthsixis is along the axis of the symmetric top rotor perpendicu-
of the Fg molecule to minimize the energy for each value of the argle lar to the molecular p|ane_ The formalism was app“ed g'o H

whlgh megsurgs the deV|1at|on frgm linearityhere §=0 is the top of thg by Bartlett and Howar&? Carter and Meye??,ss and
barrier to linearity. The 5v; and 6v5 levels are completely above the barrier

to linearity. Wolniewicz and Hinze? Alijah, Hinze, and Wolniewic?
(AHW) also applied this formalism to H using both the
MBB and RKJK surfaces.

and their agreement with experimental values below the en- 1he calculations using hyperspherical coordinates have

ergy of 9000 cm . begn extended to above the barrier to linearity by AﬁQW_

The energy regime near and above the barrier to linearity!Sind the RKJK4§,urface and more recently by Schiffels, Ali-
is particularly difficult theoretically—until recently, few of Jah, and H!nzéB' (SAH) using the CRJK surface. SQH pub-
the rovibrational calculations performed in this range in-lished their calculations below 9000 crh (Part )™ and

) 49 : :
cluded the correct boundary conditions for linear geometriesT™om 900013000 cm™ (Part I)™ separately. This work is

The variational treatment, which is essential in calculating™U!y @b initio since the potentiallsurfacesi% not adjusted to
high rovibrational energy levels of H encounters a diffi- match laboratory data. A comparison by SAIf these the-

culty near the top of the barrier to linearity at the energy oforetical energy valu_es below 9000 chwith experimental
~10000 cnv* above the zero-point level. This is because®Nes compiled by Lindsay and McCdlhas revealed a sys-
the kinetic Hamiltonian, which is inversely proportional to t€Matic deviation on the order of a fraction of a chwhich

the moment of inertia, contains a singularity for the linearc@n be expressed as
stru_cture. Figure 1 show_s a one—%gmenspnal c+ut_ of the po- AE=E o Eqy= _blE(c)alc_glJ(J"'l)_ngza 3)
tential energy surface of Reeet al>” in which H; is con-
strained in an isosceles triangle structure and the two equathere E2,. is the calculated band origin artth=1.0123
H—H bond lengths are varied to minimize the energy forx10 #, a;=2.0436x10 3cm™!, and a,=-1.3600
each value of the angle which measures the deviation from x 10 2 cm™! are empirical constants. For low rotational lev-
linearity. The top of the barrier to linearity is &=0 in this  els, the first vibrational term o E is larger than the second
figure. and third rotational terms by two orders of magnitude. Since
Watson®® who used the Morse coordinate system withthe adiabatic and relativistic corrections are already included
three H—H bond lengths (,r,,r3), confined the wave func- in the CRJK potential, SAff ascribeAE to the largest of
tions to vanishingly small amplitudes at linear geometries bythe remaining corrections: that is, the nonadiabatic effect.
introducing an artificial wall of 1®cm™?! for linear (r;  This leaves the quantum electrodynamic radiative effect as
+r,=r3) and nonphysicalr(; +r,<r3) regions. While this the only remaining sizable correction.
gave accurate results for levels with energy less than After applying an empirical correction formula similar in
9000 cm', Watson did not expect the calculations to beform to Eq. (3) but using coefficients based on a least-
accurate for higher energy levels and advocated the use sfjuares fit to individual experimental band origins, $AH
hyperspherical coordinatés. found that approximately 500 laboratory-determined energy
Neale, Miller, and Tennysdh used the Jacobi coordi- levels below 9000 cm! matched with the calculated levels
nates (1,r,,0), for which the Hamiltonian has a serious to within 0.1 cnm'!, except for 6 levels whose deviations
singularity for r,=0. Since the analytical solution of the range from 0.15 to 0.33 cit. They also predicted that their
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data corrected by the extrapolation form@ would have o H] column densities on the order of @m~2. The re-

an accuracy of+0.1 cm . SAH* has given predictions for sylting plasma is a nonequilibrium system with a rotational
energy levels between 9000 and 13 000 érasing this for- temperature of-300 K.

malism. In the calculations of Wats8i*®and NMT;"* who A Coherent 899 titanium:sapphire ring laser pumped by

also give energy levels beyond the barrier to linearity, they 10-w Verdi laser provided approximately 1 W of continu-
nonadiabatic and radiative corrections were incorporated emgyg power, high spectral purip00 kHz bandwidth and a
pirically when they adjusted the potential surface to fit ex-wide tuning range. The midwavelength optics set was em-
perimental data. ployed in this work, giving continuous coverage from
C. Laboratory spectrum ~11000 to 12800 cm'. The .Iaser is computer gqqtrolleq
and can scan over wide regions at lower sensitivity using
Coherent’s Autoscan software or repetitively over smaller
regions (~28 GHz) at higher sensitivity using custom soft-
ware and a National Instruments Data Acquisiti@AQ)

1 s 0 ) Card. Both integratio(10 data points per scan sjeand
2v, (1),131/2 (21), 3y (14), va+2v; (4), 1 +2v3 (32), and 44 44ition(100 scan segments were averaged for eagh H
2v1+v; (2), where the numbers in parentheses give thgine) \yere used to improve the sensitivity. A time constant of
number of determined rovibrational levels. These data argy s was used for each scan segment, which was recorded
based on 17 experimental papers which report the fundameggy, yhe sensitivity setting of the lock-in amplifier at 2.

tal, hot bands, overtone bands, combination bands, and fof_ .1, set of 100 scans took approximgtelh to record and
bidden transitions. avera
N . . ge.
Although overtone and combination bands in ordinary . ombined techniques of velocity modulafiband
molecules are usually much weaker than the fundament hase modulatioff were used to improve the sensitivity.
because their transition dipole moments decrease rapidly fof .. . otnod has been used in the visible region by

higher vibrational excitation, the decrease in the transitior]_ongsheng Ma and others at East China Normal University

dipole moment of H is Ie_ss d_rastlc thar_1 for heavier mol- in combination with magnetic rotation for paramagnetic
ecules. Due to the large vibrational amplitude of the protons,

: ) ton?®3and in the mid-infrared in this laborato™Figure 2
the nuclear motion of Kl probes the anharmonic part of the HFig

. . . 2 shows a schematic of our experimental setup, including the
potential surface. We have skipped the third overtone; (4 heterodyne detection electronics. We used a New Focus

Model 4421 EOM dfi by about 2 W of radio frequenc
(5v3<0, 6v5—0) and associated bands. Although these oce riven oy a Y

band than 5 ti ker than the third . I_@ower at 500 MHz. High-power, high-transmission Glan la-
an 156are more than > imes weaker than the third overtong, polarizers from Coherent permitted us to pass approxi-
band;” these and other associated bands lie in a regio

N . . _mately 400 mW of laser power through the EGQltnited by
yvherg our T|.salpph|re I?sgr ha§ high power and good stabi the photorefractive damage threshold of the crystal
ity. Since the 3; and 6 vibrational energy levels are fully 2-GHz @alon spectrum analyzer enabled us to monitor the
above the linearity barriefFig. 1), the observed bands are

ful 1a th f th i h " mplitude of the sidebands; during scanning, we used it to
usetut for assessing the accuracy of the varlous theorelicyy, ,nitor the unmodulated laser beam in order to facilitate
calculations above the barrier to linearity.

calibration of the laser frequendjalong with a reference
iodine cell heated te-670 °C and a New Focus Model 2011
Il EXPERIMENT InGaAs pho'godetect&x_rBecaqse single-mode lasers sugh as
the Ti:sapphire have little noise at 500 MHz, the beat signals
A liquid-nitrogen-cooled, triple-jacketed discharge tubecan be detected with a high degree of sensitivity. However,
was used to producegl-l61 Approximately 500 mTorr of Bl the presence of residual amplitude modulati®&AM) can
(and an optional-10 Torr He was continuously pumped limit the sensitivity of the technique. Various methods exist
through multiple gas inlets into the central bdfem long,  for limiting the effect of RAM®*~%° but the addition of a
18 mm diameter The central bore was evacuated by a me-sample modulation technique such as velocity modulation
chanical pump through multiple outlets, to keep the gas inefficiently eliminates noise and base-line drift caused by
side the cell fresh. A second jacket filled with liquid nitrogen RAM.”%"* A spectral feature that is both velocity-modulated
cooled the inner bore. The outermost jacket was kept sealeghd phase-modulated will appedapproximately as a
under vacuum to provide thermal insulation for the liquid second-derivative line shape.
nitrogen. Two Cal windows mounted at the appropriate In order to increase the path length of absorption, we
Brewster angle to minimize reflection losses of the lasemused bidirectional optical multipassing. The rf-modulated la-
beam sealed the plasma tube at each end. ser beam was split into two beams with equal intensity by a
A 20 kHz ac potential of 2—5 kV was applied to the beam splitter and each beam was passed through the cell
electrodes located at each end of the cell, generating a cucyclically by a set of multiple reflecting mirrors in a modi-
rent of up to 1 A. The applied potential was produced by afied White cell arrangement so that the effect of the velocity
sine-wave generator amplified by a Techron 7780 power anmodulation was not canceled. We were able to cleanly obtain
plifier (4 kW maximum outpytand stepped up by a trans- four passes through the cell in each direction.
former. The maximum Kl signal intensity was obtained with The two beams traveling in opposite directions probed
a current of~500 mA rms. These discharge conditions leadvelocity-modulated signals with opposite phases and were

As evaluated and compiled by Lindsay and McCéll,
526 energy levels below 9887 ¢rh from vibrational states
up tov;+v,=3 have been experimentally determined: O
(62), v1 (36), v2 (132, 219 (43), 2v5 (116), v,+ v3 (63),
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Discharge Tube

Audio
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FIG. 2. Experimental setup for the dual-beam, double-modulation technique in the near infrared. The output of the Verdi-pumped Ti:sapphére ring las
(~400 mW) is split twice and sent into a 2-GHian and through a heatdd cell before entering the electro-optic modulatBOM) and accompanying

optics. P1 and P2 are high-power, high-transmission Glan polarizers. A 10-cm lens focuses the laser beam into the center of the EOM, while ansecond 10-c
lens recollimates the beam. The output of an rf generator is amplified by a high-power rf amplifrep¢®8r supply and is sent to the EOM, which

modulates the laser beam at 500 MHz. The modulated laser beam is sent through a 1-m focusing lens and then split into two equal beams with a beam splitter.
The two beams travel through the discharge tube in opposite directions 4 times each. M1 and M2 are the two modified White cell multiple reflection optics.
After exiting the modified White cell, the two beams are phase matched and optically balanced with neutral density filters.

sent to a set of balanced fast detectors. By balancing theelocity modulation was optimized and the signal demodu-
optical power of the two beams with neutral density filterslated at the discharge frequency. The-1, dc output of the
and taking their difference with a New Focus Model detector was sent to a second phase-sensitive detector, where
1607-AC fast balanced photorecei€50 MHz bandwidth it was demodulated at the discharge frequency to give a sig-
with two matched silicon photodiodes, the noise was furthenal processed by the velocity modulation only. This was par-
reduced. The laser noise and noise from the plasma cancelédularly helpful when searching for weak lines—although
out, and the double-modulated signal approximately doublethe signal to noise ratio was much worse for the purely
in intensity as the path length effectively doubled. velocity-modulated signal, the presence of an apparent first-
In order to optimize the heterodyne phase in both chanderivative line shape in the velocity-modulated signal at the
nels, we used an rf phase shift@c-1.0 GHz from Ad-  same frequency as a second-derivative line shape in the dou-
vanced Technical Materials, Inc. to adjust the overall phasély modulated signal helped confirm the presence of a line.
and optically adjusted the phase of the second channel bBubsequent coaddition helped improve the signal to noise
varying the displacement of a mirror on a track from theratio for the transition.
second photodiode to match the phases of the two channels. Although the experimental sensitivity is difficult to cal-
At 500 MHz, an increase or decrease in the path length of theulate accurately due to the various components associated
laser beam by-30 cm results in a phase shift of 180°. Thus with the heterodyne technique, we estimate that our sensitiv-
by placing a dogleg mirror on a 30-cm track the phase of thety limit is close (within an order of magnitudeto the shot-
second beam can be optimizesith the maximized peak of noise limit at our detector, which is 10~ 8 for a bandwidth
the second-derivative signal either positive or negatiBe-  of 0.33 Hz and a laser power ef2 mW impinging on each
cause the photoreceiver has three dc outpuis (,, and  of the photodiodes. Under these conditions, the best S/N ob-
I,—15,) in addition to the balanced rf output, we were able totained was~ 20 (with the coadditionr=3 s), and the weak-
optimize the phase in each detector channel individually s@st transitions had a S/N of 3. This suggests that the frac-
that the subtracted sign#éncoded at 500 MHz 20 kHz)  tional absorption of the strongest line of Hs on the order
was maximized for phase modulation. The high-frequencyf 10~ and the weakest line has a fractional absorption of
output of the detector was sent through a tunable 500 MHz-10"8.
narrow bandpass filter fro K & L Microwave, Inc., ampli-
fied, and Qemodulated in a double-balanced mixer referencqg/l OBSERVED SPECTRUM
to the radio frequency source.
The partially demodulated signal was then sent through a  Twenty-two H; transitions to levels above the barrier to
low-pass filter €11 MHz) to a phase-sensitive detector ref- linearity and extending into the visible region have been ob-
erenced to the sine-wave generator, where the phase of tlserved, as shown in Table I. Due to the long time needed to
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TABLE I. Observed frequencies and assignments.

Assignment Band Frequency (ch)? Rel. int?
"R(2,2)" 201+ 2030 11019.35810) 0.374
R(1,1) 5130 11044.14910) 0.238
R(3,3) 5110 11053.68010) 0.683
P(3,3) 3y +vi—0 11111.791(10) 0.164
R(1,0) 5130 11228.61810) 1.000
R(1,1)" 5130 11244.36610) 0.258
R(2,1) 5150 11246.71210) 0.131
R(2,2)" 5130 11304.48410) 0.191
Q(1,0) 3y + 130 11318.08410) 0.181
R(2,1)" 5130 11496.79610) 0.167
R(1,0) 3v+vi—0 11503.62010) 0.123
“5p(3,3) 5150 11571.88010) 0.165
R(3,3)" 5150 11576.15610) 0.276
+6Q(1,0) 5150 11606.16010) 0.296
6R(2,2) 5150 11694.79010) 0.121
6R(1,1) 5150 11707.268610) 0.142
*6R(1,0) 5150 11854.46810) 0.365
P(2,2) 2v,+ 3030 12222.02710) 0.119
'R(1,0) v +4v5—0 12246.36220) 0.121
P(3,3) 2v,+3v3—0 12246.55020) 0.166
Q(1,0) 213+ 31530 12253.67010) 0.322
'Q(1,0) 6130 12419.12110) 0.227

&The uncertainty in the last decimal place is listed in parentheses.

"The intensities were calculated at 300 K from the Einsfeirpefficients of

NMT (Ref. 41).

attain the high sensitivity required to detect these transitions

Near-infrared spectroscopy of Hj ~ 10895

shows two examples of spectral lines—the strongest line and
a more typical line. As observed in Fig. 3, some of thé H
lines were obscured by the presence of molecular hydrogen
Rydberg transitions, which appear as either first- or second-
derivative line shapes because some of the Rydberg transi-
tions are velocity-modulated along with the Hiue to elec-
tron impact excitation of K into a Rydberg stat®: These
Rydberg lines were often much stronger than thg lies,
but the addition of 10 Torr of He to the discharge detl
addition to~500 mTorr H) quenched most of the interfer-
ing Rydberg transitiorf$ (see the lower trace on the right
side of Fig. 3. A notable exception is the very strong Ryd-
berg line at 12 246.425 cnt. Even with the addition of 20
Torr of He, the Rydberg line did not be disappear completely.
The two nearby K lines (12246.362cm and
12 246.550 cm?) therefore have larger uncertainties than
the other H lines, because the measurements of their center
frequencies(as determined by a second-derivative fitting
routing are affected by the presence of the Rydberg line.
Also listed in Table | are the rotational and vibrational
assignments for the observed transitions. These assignments
were made based on the intensity information of NMT
(which also givesJ),*! the assigned quantum numbers of
SAH (which gives vibrational modes], G, and rovibra-
tional symmetry,**’2 and to a lesser extent the calculated
expectation valueév,), (v,), (£), and(G) of Watson”
Using the new transition frequencies and the experimen-

(even the strongest transition could not be detected with #ally observed ground state energy levéisexperimental
single scai we did not scan the entire frequency range ofupper-state energy levels were determined. Table Il shows
the laser (1800 cni1). Instead, we searched for the stron- the assigned approximate quantum numbers from SAH

gest lines using the intensity information of NKfTand the
predicted frequencies of both NMT and SAPFigure 3

and the calculated expectation values of Wat3éor each of
the observed energy levelsxpectation values for five of the

5 ] g -
&~ ~
T o ]
2 £
m ] m
] 10 Torr He + 0.5 Torr H, | 100 scans coadded
100 scans coadded ] H,*
. 7 P 0.5 Torr H,
E‘ 1 % 5
E 5v, R(1,0) g' 5v, Q(1,0)
k-l 11,228.613 cm™ g - 11,606.160 cm™
h 10 Torr He +
- T 0.5 Torr H,
i g
LB S LR SR (R L LS D TR L N gl LIEEELIN LU 2N L B AL A DR AL AE LY BL RS B
112286 11228.8  11229.0 11606.0 116062 11606.4
Frequency (cm’) Frequency (cm )

FIG. 3. Strongest observed liffleft) and a more typical B line buried under two neighboring molecular hydrogen Rydberg liright). The addition of 10
Torr of He was usually sufficient to suppress the Rydberg transitions, as shown in the lower right-hand trace. Atak@Hme a heateld, reference cell
were used to calibrate the scans after the coaddition. The half width at half maxiFfiM) for the doubly modulated fl signal was 1.94 GHz.
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TABLE Il. Experimentally determined energy levels.

vy (vy)? vy (vy)® ¢ 1% G (G)? J n T u/l Energy (cm't)
0 0.010 5 4.981 1 2.362 1 1.017 2 34 E’ | 11108.27010)
2 1.390 2 2.909 2 1.560 2 1.658 3 43 E” u 11188.65814)
0 0.028 5 4.962 1 1.284 1 1.032 2 35 E’ u 11308.48710)
0 0.032 5 4.958 1 1.013 0 0.054 2 11 A 11315.57810)
0 0.051 5 4,912 1 1.206 3 3.178 4 22 A | 11369.02914)
3 2.999 1 1.001 1 1.001 0 0.002 1 12 A 11405.04410)
3 2.990 1 1.012 -1 —1.009 3 2.977 2 14 A, 11427.14014)
0 0.027 5 4.963 1 1.676 2 2.147 3 45 E” u 11473.77914)
0 0.025 5 4.964 1 2.084 1 1.035 3 34 E’ | 11484.06815)
3 2.996 1 1.004 1 1.004 0 0.011 2 12 A 11590.58010)
0 0.004 5 4.995 -5 —4.983 6 5.980 1 13 A 11693.12010)
0 --- 5 --- 1 --- 1 --- 3 35 E’ u 11734.15215)
0 0.039 5 4.957 -5 —4.857 5 6.798 2 39 E’ 11771.38610)
0 0.096 5 4.892 -5 —4.576 8 7.365 3 50 E” 11864.08514)
0 0.044 5 4.953 5 4.565 3 2.884 2 16 A 11887.22914)
0 0.125 5 4.846 -1 —1.506 3 3.451 4 25 A, u 11891.50514)
0 0.071 5 4.925 -5 —4.794 6 5.790 2 13 A 11941.42810)
1 0.958 4 4.040 -2 —2.274 3 3.135 2 14 A 12333.3220)
2 --- 3 --- 1 --- 0 --- 1 15 A 12340.63010)
2 --- 3 --- -1 --- 2 --- 1 31 E” 12391.32214)
0 --- 6 --- *+2 --- 3 --- 1 16 A 12506.08110)
2 --- 3 --- -1 --- 3 --- 2 18 A, 12561.89924)

8Expectation values calculated by Watg&ef. 73; results for five of the energy levels were unavailable. The sighaifuld not be determined for the level
at 12 506.081 cm' due to the lack of information about this level.

energy levels were not availabléVatson’s expectation val- Figure 4 shows the deviations of the calculated upper-
ues agree roughly with the assigned approximate quanturstate energy levels from the experimentally observed energy
numbers of SAH. Because Watson’s expectation values werevels. The new experimental;Hiines are compared to the
not available for all of the observed energy levels, the sign oturrent published theoretical predictions in Table Ill. The
¢ could not be determined for the level at 12506.081¢m  corrected energies by SAPiusing the CRJK potential en-
Also included in Table Il are the assigned values of theergy surface have the best accuracy with an average error of

energy-ordering inder for levels with the samé (starting —0.30 cm ! and a standard deviation of 0.31 ¢h the un-
with n=1) and rovibrational permutation inversion symme- corrected energies have a larger average error (0.84%)cm
try 'y - but a slightly smaller standard deviation (0.266 ¢h
2 ®
®
1 —_
4 ®
* *
oo b B4 * * @ +
+ o+ o+ 5 x ¢ > +
'-'E Ap a * + A A A
7\ 4 & .
\-é -1—a A A 2 'S A& fa é %
M FF +
g 2-
53] + NMT
3 X AHW (Réhse)
%y x A SAH (Cencek)
4_ € SAH (Corrected)
-5
IIIIIIIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIIIIIIII|IIIIIIIII|IIII|IIII|III
11200 11400 11600 11800 12000 12200 12400
Energy Level (cm™)

FIG. 4. Observed minus calculated energy levsise Table Ill for referencésThe calculations of SAHRefs. 49 and 72most accurately match the
experimental data, although their deviation from the observed values seems to increase at higher energies.
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TABLE IIl. Comparison among theoretical and observed transition frequencies.

Calc.—Obs.
AHWP SAHE SAH®
Band Observed (cm') NMT?2 (Rohse (Cencek (corrected
2v,+212—0 11019.35810) 0.197 0.925 —-0.17
5130 11044.14910) 0.172 —0.563 0.998 -0.12
51/%(—0 11053.68010) 0.203 --- 0.926 —-0.19
3yt véeo 11111.791(10) 1.594 3.282 0.704 —-0.43
5130 11228.61810) 0.230 —0.182 1.062 —0.04
SV%HO 11244.36610) 0.213 —0.001 1.107 —-0.01
5130 11246.71210) 0.354 —0.053 0.996 -0.12
5130 11304.48410) 0.290 1.011 —0.09
3vt+ V§<—O 11318.08410) 1.629 3.286 0.612 —0.53
51/%%0 11496.79610) 0.451 1.213 0.10
3v,+ 130 11503.62010) 1.604 3.433 0.640 —-0.51
5150 11571.88010) 0.885 0.097 0.822 —-0.34
51/%&0 11576.15610) 0.577 --- 1.148 0.03
5150 11606.16010) 0.897 0.106 0.830 —0.30
5150 11694.79010) 1.001 1.225 0.12
51/2%0 11707.26%10) 1.007 1.111 1.025 —-0.14
5150 11854.46810) 1.262 0.851 1.008 -0.13
2v,+ 3130 12222.02710) —0.155 —1.983 0.499 —-0.74
v+ 41/2%0 12246.36220) 0.846 0.946 0.390 —0.82
2v,+3v3—0 12246.55(20) 0.826 0.670 0.523 -0.69
2v,+ 3130 12253.67010) 0.399 —1.335 0.374 -0.87
6V§<—0 12419.12110) 0.191 —0.966 0.552 —-0.63
Average error: 0.667 0.544 0.845 —0.30
Standard deviation: 0.523 1.611 0.266 0.31

“Neale, Miller, and TennysofRef. 41).
PAlijah, Hinze, and WolniewicZRef. 60.
Schiffels, Alijah, and HinzéRefs. 49 and 72

Figure 5 compares the calculated energy levels otorrection formula3). For these bands, a correction formula
SAH*"2 corrected with the extrapolation formu(8) to all ~ with coefficients determined from a least-squares fit of the
reported energy level$,including this work. The corrected individual experimental band origins is significantly more
energy levels of SAH become progressively worse with in-accuraté’® The scatter in the errors for the corrected energy
creasing energy. The source of the offsets in the 3v3, levels above the barrier to linearity suggests that none of
and v1+2v§ bands can be seen in Fig. 4 of S®4-the these band origins are reproduced very accurately by the ex-
band origins for these states are not reproduced well by thgapolation correction formula and that more experimental

1 X
»
— v
g * FIG. 5. Comparison between the cal-
X '; culated energy levels of SAHRefs.
mE‘ :K 00 49 and 72 using the extrapolation cor-
-5 -0.2 Old Energy Levels x4 v rection formula[Eq. (3)] and the ex-
i = 0 perimental energy levels reported in
A + 000 < 011 0 Ref. 14 and this work. The scatter in
mi‘ -0.4 5 020 A o2 New Energy Levels A the deviation of the corrected energy
] A levels from the experimental values
O 01 X 033 v 051 9 055 A increases significantly above the bar-
-0.6 ¢ 100 4 111 ® 142 M 062 M rier to linearity.
. W 120 * 122 A 311 X 231 xx
08 — ¢ 200 @ 211 K222 ®
b3
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0 2000 4000 6000 8000 10000 12000
Energy (cm”)

Downloaded 09 Jun 2003 to 128.32.220.94. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



10898  J. Chem. Phys., Vol. 118, No. 24, 22 June 2003 Gottfried, McCall, and Oka

band origins are needed to improve the predictive power oRCKNOWLEDGMENTS

Eq. (3). The authors wish to thank J. K. G. Watson and A. Alijah
for sending us the results of their calculations in advance of
publication and for several helpful discussions about their

V. CONCLUSIONS theoretical calculations. We also thank A. Alijah, C. M. Lind-

) o ) say, R. Jaquet, J. Tennyson, and J. K. G. Watson for their
This work represe_nts a S|gn|f|ca_nfc step in the spectroszymments on an earlier version of this paper. This work was
copy of I-gF For the first time, transitions to energy levels supported by NSF Grant No. PHYS-0099442. B.J.M. has
above the barrier to linearity have been observed. A compariggan, supported by the Fannie and John Hertz Foundation and
son among current theoretical predictions for these transiy,q \jilier Institute for Basic Research in Science. J.L.G. is

tions shows most of the calculations to be within 1¢nof supported by a National Science Foundation Graduate Re-
the experimental energy levels. The average error for eveQagrch Fellowship.

the most accurate of these calculations, however, is still an

order of magnitude worse than the most accurate calculations

below 9000 cm*.** The availability of experimental data in T. Oka, Phys. Rev. Letd5, 531 (1980.

this region should enable the improvement of theoretical Ca|_zl(_1.£gfton, D. F. Lester, and K. L. Thompson, Astrophys. J. LG L73

culations above the barrier. °p, Drdssart, J. P. Maillard, J. Caldweit al, Nature(London 340, 539
Although the adiabatic corrections and relativistic cor- (1989.

rections for electrons have been theoretically calculated in'T. R. Geballe and T. Oka, Natuteondon) 384, 334(1996.

SAH,48 the nonadiabatic corrections have yet to be made ons(Big:g&MCCa”, T. R. Geballe, K. H. Hinkle, and T. Oka, Scier&#9, 1910

Hs from first principles. The rotation-dependent terms of the st oa inmolecular lons: Spectroscopy, Structure, and Chemjstdjted

nonadiabatic corrections in E¢3) can be estimated using by T. A. Miller and V. E. BondybeyNorth-Holland, Amsterdam, 1983p.

the relation between the correction to the moment of inertia, 73:

. T. Oka, Rev. Mod. Phys64, 1141(1992.
Al aa? and the rOtatlonay factorgw, 83. Miller and J. Tennyson, Chem. Soc. Rag, 281 (1992.

m 9J. Tennyson and S. Miller, Contemp. Ph@s, 105 (1994.
Al o™= ool was (4) OA. Dalgarno, Adv. At., Mol., Opt. Phys32, 57 (1994).
o M Zexas 11| R. McNab, Adv. Chem. Phys89, 1 (1995.

123, Tennyson, Rep. Prog. Phy&Y, 421(1999.
where m and M are the electron mass and proton g j wccall, Philos. Trans. R. Soc. London, Ser388 2385(2000.

mass, respectiveﬁ?‘. The components of thg tensor for I{ 1C. M. Lindsay and B. J. McCall, J. Mol. Spectrog10, 60 (2007).
theoretically calculated asy,,=gpp,=—0.0686 and g.. 15J. Tennyson and S. Miller, Spectrochim. Acta, Pas7 661 (2007).

o . 16B. J. McCall, Ph.D. thesis, University of Chicago, 2001, available online
=—0.0210 by Oddershede and Sdbimnd the FI rota- at http://fermi.uchicago.edu/publications/archive/mccallthesis.pdf

tional constants B=43.568 cm' and C=20.708 cm?®  c s Gudeman, M. H. Begemann, J. Pfaff, and R. J. Saykally, Phys. Rev.
givea;=1.63x10 % cm ! anda,=2.3x10"* cm ¢, com- Lett. 50, 727 (1983.

pared to SAH's empirical values 2.840 3cm ! and .S C Bj?{k'znd'dom' Le”“5' 15 (1980. -

—1.3x10 3 cm™ %, respectively. As for nonadiabatic correc- 20% gk“a{'f"gf"‘(,lo;"_‘”spE'c;gS;‘g?g’ggvf‘f§7‘g°_mm””'Ca“(”“

tions to the vibrational energy, a scaling of the reduced mas&J. T. Hougen, J. Chem. Phya7, 1433(1962.

based on the theory of Bunker and MBS fit the experi- 2. B. Anderson, J. Chem. Phy6, 3702(1992.

mental results well, as reported by Polyansky and;g'g' %0“'50”' P(;O;' ﬁa”;br'tdgejpg':]"s' sga, 24f2(;19’3’1%7
Tennysorf®*!althoughab initio calculations on the nonadia- 2. o' camey and K. \. Parter 3. Chem. PIga. 3647 1676,

batic effect of the kind recently published by Schweffl@n 25w, Meyer, P. Botschwina, and P. Burton, J. Chem. PBys891 (1986.

H,O are highly desirable. Such theoretical values will reveaf’S. Miller and J. Tennyson, J. Mol. Spectrog@6, 183 (1987.

- . . 283, Miller and J. Tennyson, J. Mol. Spectro4@8, 530 (1988.
the extent of the radiative correction. Since all these COITeCz " \rilor and J. Tennyson. J. Mol. Spectrod@6 223 (1989,

tions are larger for higher energies, experimental values preeg. 1. sutciiffe and J. Tennyson, J. Chem. Soc., Faraday Tra@8, 2663
sented in this paper will give a crucial test of the theory. (1987.

With continuing improvements in sensitivitisuch as 312\1-9 ;50 Bawendi, B. D. Rehfuss, and T. Oka, J. Chem. Pig.6200
more coadditionthis V\Allork can be extended to .h|g'her OVer- a2 a Majewski, P. A. Feldman, J. K. G. Watson, S. Miller, and J. Tenny-
tone bands of E' (6vy<0, 7v,—0, etc), continuing the son, Astrophys. J. LetB47, L51 (1989.
climb up the energy ladder of Hand further testing the *L.-W. Xu, M. Résslein, C. M. Gabrys, and T. Oka, J. Mol. Spectrdss
theoretical predictions and potentials. The lack of assigne 4;26|\/(|19§iiélli S. Viler. and 3. Tennyson. J. Mol Spectros®3 71
spectroscopic data in the energy regime from 10000 to (1'994)_ T ' ' yson, 2. Mol b
35000 cm * (until this work) means that the potential is not 3G, c. Lie and D. Frye, J. Chem. Phyg6, 6784(1992.
strongly constraine®® Consequently, none of the potential 2‘? K. G. Watson, Can. J. PhyE2, 702(1994.
energy surfaces near the JH dissociation limit - K- G- Watson, Chem. Phy$90, 291(1995.

_1 id d reliabl d . | J. K. G. Watson(private communication
(~35 OOO. cm ) are consiaerea refiable, an experimenta 39R. Rthse, W. Kutzelnigg, R. Jaquet, and W. Klopper, J. Chem. PHys.
data on higher-energy levels are needed to improve them. An2231(1994.
improved potential energy surface might finally enable the'°B. M. Dinelli, O. L. Polyansky, and J. Tennyson, J. Chem. P13,

: : o - 10433(1995.
analysis of the near-dissociation spectrum, which has c:y Nea(le s? Miller, and J. Tennyson, Astrophys464, 516 (1996

main_ed completely unassigned since its discovery by wm pinelli, C. R. Le Sueur, J. Tennyson, and R. D. Amos, Chem. Phys.
Carringtonet al®° 20 years ago. Lett. 232, 295(1995.

Downloaded 09 Jun 2003 to 128.32.220.94. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 24, 22 June 2003 Near-infrared spectroscopy of Hj ~ 10899

“3W. Cencek, J. Rychlewski, R. Jaquet, and W. Kutzelnigg, J. Chem. Phys$M. Luo, Z. Bi, P. Cai, R. Wang, X. Yang, Y. Chen, and L. Ma, Rev. Sci.

108 2831(1998. Instrum.72, 2691 (2002.
“R. Jaquet, W. Cencek, W. Kutzelnigg, and J. Rychlewski, J. Chem. Phy$*C. M. Lindsay, Ph.D. thesis, University of Chicago, 2002, available online
108 2837(1998. at http://fermi.uchicago.edu/publications/archive/lindsaythesis.pdf
450. L. Polyansky and J. Tennyson, J. Chem. Phy$), 5056(1999. %M. Gehrtz, G. C. Bjorklund, and E. A. Whittaker, J. Opt. Soc. Am2,B
46R. Jaquet, Chem. Phys. Le®02 27 (1999. 1510(1985.
4TR. Jaquet, Spectrochim. Acta, Par68, 691 (2002. 6G. C. Bjorklund, M. D. Levenson, W. Lenth, and C. Ortiz, Appl. Phys. B:
48p_gchiffels, A. Alijah, and J. Hinze, Mol. Phy$01, 175 (2003. Photophys. Laser Cher82, 145(1983.
“p, Schiffels, A. Alijah, and J. Hinze, Mol. Phy&01, 189 (2003. 57N. C. Wong and J. L. Hall, J. Opt. Soc. Am. B 1527(1985.
50A. Aguado, O. Roncero, C. Tablero, C. Sanz, and M. Paniagua, J. Chenf2J. A. Silver and A. C. Stanton, Appl. Of27, 1914(1988.
Phys.112, 1240(2000. 89E. A. Whittaker, C. M. Shum, H. Grebel, and H. Lotem, J. Opt. Soc. Am.
5IM. A. Kostin, O. L. Polyansky, and J. Tennyson, J. Chem. Phy§, 7564 B 5, 1253(1988.
(2002. 703, L. Hall, L. Hollberg, T. Baer, and H. G. Robinson, Appl. Phys. L&4.
52R. M. Whitnell and J. C. Light, J. Chem. Phy0, 1774(1989. 680 (1981).
53B. R. Johnson, J. Chem. Phyz9, 1916(1983. "YW. E. Sinclair, D. Pfluger, H. Linnartz, and J. P. Maier, J. Chem. Phys.
54F. T. Smith, J. Math. Phys8, 735 (1962. 110, 296 (1999.
%5R. C. Whitten and F. T. Smith, J. Math. Phys.1103(1968. "2A. Alijah (private communication
56p, Bartlett and B. J. Howard, Mol. Phy20, 1001(1990. 73J. K. G. Watson(private communication
57s. Carter and W. Meyer, J. Chem. Phg8, 8902(1990. 74T. Oka and Y. Morino, J. Mol. Spectrosé, 472 (1961).
583, Carter and W. Meyer, J. Chem. Phg60, 2104(1994). 75J. Oddershede and J. R. Sabin, Chem. Phg8, 291 (1988.
9. Wolniewicz and J. Hinze, J. Chem. Phyi€)1, 9817(1994). 5p, R. Bunker and R. E. Moss, Mol. Phy&3, 417 (1977.
80A. Alijah, J. Hinze, and L. Wolniewicz, Ber. Bunsenges. Phys. Che®n.  “’P. R. Bunker and R. E. Moss, J. Mol. Spectrd3@. 217 (1980.
251 (1995. 8D. W. Schwenke, J. Phys. Chem.185, 2352(2001).
61B. J. McCall and T. Oka, J. Chem. Phyid3 3104(2000. 93, Tennyson, M. A. Kostin, H. Y. Mussa, O. L. Polyansky, and R. Prosmiti,
62R. Wang, Y. Chen, P. Cai, J. Lu, Z. Bi, X. Yang, and L. Ma, Chem. Phys. Philos. Trans. R. Soc. London, Ser.358, 2419(2000).
Lett. 307, 339(1999. 80A. Carrington, J. Buttenshaw, and R. Kennedy, Mol. Pis 753(1982.

Downloaded 09 Jun 2003 to 128.32.220.94. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



