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Thirty rovibrational transitions of El have been observed near 1,26 using a tunable diode laser

and a positive column discharge. In addition to thg tdansitions, over 200 transitions between
Rydberg states of Hwere observed—these could be discriminated against by using a discharge
dominated by He, which apparently collisionally quenches the Rydberg states @fithbut
affecting H; . Twenty-eight of the H transitions have been assigned to ﬂ3&2v§<—0 band, and
provide experimentally determined energy levels for most of the levels up=té in the v,

+ 2v§ state. The remaining two Htransitions have been assigned to thg 2 v, 0 band. These
bands represent a crucial testaif initio calculations, as they reach higher vibrational levels f H

than any yet observed. We have compared our experimental results with recent variational
calculations by several groups. 2000 American Institute of Physids$0021-9606)0)02132-2

I. INTRODUCTION band, which probes the theoretically challenging area above
the barrier to linearity.

H;, the simplest stable polyatomic molecule, plays im-
portant roles in laboratory, theioretical, qnd astror_u_)micah_ THEORY AND NOTATION
spectroscopy. In the laboratory;Hs the primary positive
charge carrier in hydrogen plasmas. The intense spectrum of The quantum numbers (total angular momentujrand
H, has been used as a diagnostic of these plasmas, in ordér (parity) are rigorously good quantum numbers due to the
to measure the radial distribution of chargeae rate of elec- isotropy and inversion symmetry of free space. Neglecting
tron recombinatiorf,and the rate of destruction of ions by the very small nuclear spin—rotation interaction, we can
ambipolar diffusior? For theoreticians, B serves as a write F=1+J and considel (total nuclear spin angular mo-
benchmark for rovibrational calculations of polyatomic Mentum andJ (angular momentum of nuclear and electronic
molecule$°—indeed, ab initio theory is now approaching motior_1) to be good quantum numbers. The electric dipole
spectroscopic accuracy for this ion. Finally; kplays a ma- selection rules for these quantum numbersfie-0 or =1,
jor role in astronomical plasmas, where its rovibrationald! =0, and+— —. )
spectrum serves as an important remote probe for studying 1 here are other quantum numbers that are approximately

the ionospheres of the outer plaétas well as denda'! good at low energies. These include andv, (the number
and diffuséBinterstellar clouds of quanta in the symmetrig; stretching and the degenerate

These applications depend on accurate laboratory me&2 modg as well as||_|, the V|brat!onal a_ngu_lar momentum
surements of Kl transition frequencies. Since the«0 of the », mode(the signed quantity, which is not a good

rotation—vibration band of H was first detected in the f[qhurz;r;t:m rgiir:]nk;etg LU;;UI;;OQZEEQ 2'(" ' “B lc):g)lllec-[ir\]/eelse
laboratory** work has continued to spectroscopically probe pp q 202, y

higher energy levels using hot bands, overtone bands, ard ecify the vibrational state ofH We can also consider the

forbidden bands. Spectroscopy of high energy levels Hf H quantityk, the (signed component of) along the molecular
) symmetry axis.

provides new data for comparison with theoretical predic- . . .
. . . . The symmetry of is best considered using tl
tions and also extends the list of transitions available for y y I% g treg

. . ermutation-inversion group, which is isomorphic to
astronomical spectroscopy of hot plasniasch as Jupiter’s P group P %

) herg F detail . laborat K point group. The symmetry properties of the rovibrational
lonospheri For more detalls on previous faboratory Work, \aye functions with respect to the (1235 andE* = oy,
readers are referred to a recent revigw.

\ __operations can be showhto be
In this paper we report our recent laboratory observation

of the v+ 2150 (the superscript refers {b|, as defined in

the following and 2v;+ v,«0 combination bands of 1’-|

near 1.25.m using a tunable diode laser. These bands reach d
higher vibrational levels than any previous work, and there-

2mi
(123)|J,k,|>=ex;{T(k—I)}|J,k,|> 1)

fore provide a new test of rovibrational calculations. This  E*|J,k,1)=(=1)%Jk,1). 2

work sets the stage for the detection of the,5-0 overtone Based on Eq(1), it is convenient to introduce the quan-
tum numbemg=k—1, which can be thought of physically as

dElectronic mail: bjmccall@uchicago.edu the component o along the symmetry axis which is due to
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rotation. The quantum numbey is connected to the spin s always taken to be- whenG “wraps around zero”(e.g.,
modification of H (g=3n is ortho [1=3/2] and g=3n g=+4<—2).

+1 is para[l=1/2]) by the Pauli principle, which requires

that the total(spin and rovibrationalwave function be anti-

symmetric with respect to the interchange of two protond!l. EXPERIMENT

(12) and symmetric with respect to cyclic permutation of all
three protong(123). This requirement is equivalent to the
requirement that the total wave function belong to the
representation. A further consequence of the Pauli principl
is that certain rovibrational levelg.g.,J=even,G=0 in the

The experiment employed a custom-built external-cavity
tunable diode laser from New Focus. When manufactured,
the laser had a nominal tuning range of 7633—-8183 tm
But due to degradation of the antireflection coating on the
) ) ’ ’ front facet of the diode, it only had a useful tuning range of
ground vibrational stajedo not exist. Equatior{2) shows ~7780-8168 cm® at the time of the observations. The ef-
that the parity is+ when k. IS even, a_nd—_whenk IS Odd'_ ._fect of this degradation is most pronounced on the low fre-

_Because the space-flxed_elect_nc *d|1r;o_le moment IS In'quency side of the tuning range, such that it is only possible
variant t0(123 but changes sign witk*, it follows that , ¢ontinuously tune the laser from about 7850 to 8168
the electric dipole selection rules forsHare cm™L. At the center of its tuning range, the laser produces

approximately 8 mW of radiation.

Ag=A(k—1)=3n (n integey and Ak=odd, (3 The Hi was produced inside a liquid-nitrogen cooled

discharge cell with an inner diameter of 18 mm and a length
which are closely related to the original selection rulls  of approximately 1 nt> The reagent gas<500 mTorr of H,
=0, and+ < —. and optionally~10 Torr of He flowed into the cell through

For vibrational bands wittAl=*1 (e.g., v,<0), the  multiple inlets, and was pumped out through multiple outlets
selection ruleg3) imply thatAg=0 andAk= = 1. For bands by a mechanical pump. The plasma was produced by a sev-
with Al=+2 (e.g.,vl+21/§<—0), the selection rules imply eral kilovolt, 18 kHz ac potential applied across two elec-
that Ag==+3 and Ak=*1. Bands withAl=0 (e.g., »;  trodes, one on each side of the cell. This potential was pro-
+2v‘2)<—0) are “forbidden” because they requitkk= *3 duced by a step-up transformer driven by a Techron 7780
(and thereforé\g= * 3) to satisfy Eq(3) — however, some power amplifier(4 kW peak outpyt which was fed by a
transitions in such “forbidden” bands can still be weakly sine-wave generator. The discharge current was approxi-
observed due to intensity borrowing from “allowed” bands. mately 310 mA rms, which corresponds to a current density

Since the energy is independent of the signgpfthe  of ~120 mA cm 2. The use of an alternating current dis-
unsignedG=|g| is more often used. For vibrational bands charge allowed the velocity modulation technitfliéeo be
with 1#0, certain §,G) levels are doubled, because thereused to increase the sensitivity.
are two sets ok andl which give the samé&. This occurs The output of the diode laser was split into two beams,
for 3>|I| and forJ—|lI|=G=1. In such cases it is conve- which were sent through the discharge cell in opposite direc-
nient to label the upper and lower levels of each doublet as tions. Each beam was passed through the cell four times
andl (for “upper” and “lower” ). The labelas andl, respec-  (with the same directionality each timi order to increase
tively, replace the+ and — labels previously used in the the absorption path length without sacrificing the velocity
literature and correspond té=|l| and—|I| (theU label was  modulation. The two beams were then directed into the two
introduced by Watsdfi for |||=1 and extended ti|>1 by  detectors of an autobalancing photoreceiew Focus Nir-
Miller and Tennysotf). vana, which electronically balanced the signals from the two

With this labeling, a new shorthand notation has recentlydetectors in order to effect optimum cancellation of
been introduced to describe rovibrational transitions of common-mode noise. The output of the photoreceiver was
H3 . This notation consists of the vibrational band includingsent to a phase sensitive detector, which used the discharge
[l| as a superscript whejh|#1 (e.g., v,+ 2V§<—0) and an sine-wave generator as the reference. The phase sensitive
extension of the usual nomenclatyie|Q|R}(J,G), where  detector output was then digitized by a personal computer.
P, Q, andR as usual refer tddJ=—1, 0, and+1, respec- The diode laser was tuned by changing the angle of the
tively, andJ and G refer to the lower state of the transition. cavity end mirror with respect to the grating. Coarse tuning
If the upper level of the transition belongs to a doublet, thenwas accomplished by a motor-turned screw, while fine tun-
the appropriatau or | is appended as a superscript after theing was effected by a piezoelectric transdu¢@ZT). The
(J,G). Similarly, if the lower level belongs to a doubletpa voltage on the PZT was controlled via a digital-analog con-
or | subscript is appended. FAg= * 3 bands, a superscript verter in the PC, which enabled computer-controlled scan-
nortis prepended to indicatdG= —3 or +3, respectively. ning o a 2 cm ! range. The computer control of both tuning
Note that forG”=1 and 2, then transitions formally appear and data acquisition enabled multiple scans of each 2'cm
asAG=+1 and—1, respectively. Fo6” =0 there are only frequency range to be averaged together in order to reduce
t transitions. low frequency noise and produce a flatter baseline.

Although they were not encountered in this work, tran- Each 2 cm! range was divided into 300 frequency steps
sitions withAg=*=3m (m>1) which can be observed due (200 MHz eaclh While the bandwidth of the laser was far
to intensity borrowing are denoted with a signed value oflower (< 5 MHz), this interval was chosen as a tradeoff
|Ag| as a superscript in the placembr t. In analogy withn ~ between spectral resolution and integration time. During
andt, the sign is taken to be that &fG, except that the sign each scan of the 2 cnt range, the computer instructed the
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laser to move from one frequency step to the next. At each |
step, the computer averaged 100 samples of each experimer]
tal input, moved the laser to the next frequency step, and
waited 30 ms before taking any more data. This delay time
was chosen to be equal to the phase sensitive detector timg
constant. At the end of the 2 ¢m range, the laser was
instructed to return to the first frequency point and the com-
puter waited fo 1 s for the laser to stabilize.

Each scan of the 2 cit range took approximately 10s. [ 0.5TH, +10 THe
The laser was extremely stable and reproducible in fre-
guency, such that hundreds of scans could be averaged to

gether when necessary to increase the signal-to-noise ratiol l | l l
This corresponded to repeated scanning of the same fre- 7971.5 7971.0 7970.5 7970.0
guency range for over 1 h.

Frequency calibration was achieved by simultaneously
measuring the §l spectrum, an absorption spectrum of FIG. 1. Effect of He on ¥ and H ['R(1,0)] absorption lines.
NHz, and the transmissionf@ 2 GHz etalon. The etalon
ticks were used for relative frequency calibration, and the
NH; wave numbers of Guelachvilfi were used for absolute eV) compared to that of §(4.39 eV}, the amount of H is
calibration. Observation of the Pasch@riine of atomic hy-  not reduced by the addition of He to the discharge. By scan-
drogen showed that there was a slight017 cm?) shift  ning each spectral region in both a pure hydrogen discharge
between the modulated absorption lines and the direct alas well as a helium-dominated discharge, we are able to un-
sorption lines of NH, most likely caused by the time con- ambiguously identify the K lines.
stant of the phase sensitive detector. This shift was found to The observed §| transitions and their assignments are
be independent of the intensity of the absorption line, so thidisted in Table I. Twenty-six of the assignments could be
shift was adopted as a constant correction to our observestade by a simple comparison with Watson’s calculations.
wave numbers.

05TH,

Frequency (cm’)

TABLE I. Observed frequencies and assignments.

IV. RESULTS
. Frequenc§  Assignment Band (G K"
The entire frequency range between 7850 and 8168 -
cm ! was scanned by overlapping individual 2 chiscans. 778523310 Q@0 »+250 3 30 3 0
This scanning was performed with both a pure hydroger /8270110 QO ;#2130 1 30 1 0
: . . ) 789.878(10) RB,3  »+212<0 4 59 3 3
discharge Py;,~500 mTory and with a helium-dominated 7805.803(10)  "P(L)  1,+213<0 O 20 1 1
discharge Py~ 10 Torr andPH2~500 mTor). In addition,  7820.239(10)  "P(2,2 v+2v3—0 1 1.0 2 2
. .. _ . . 2
individual 2 cm ! scans were made at the frequencies in the;gzg-%g(&g; ;'Fi(é? S > 22
range 7785—-7850 cnt where strong lines were expected 2833.24 norA ). nTeree '
it : .249(20) P(4,4) v +2v5-0 3 11 4 4
from the variational calculations of Watséh. 7850.959(10)  'R(1,1) 2200 2 4.0 1 1
The experiment yielded 30 rovibrational transitions of 7880.921(10) 'R(4,3 v+2v5—0 5 5.9 4 3
H; as well as over 200 transitions between Rydberg states GB94.71110  "Q(1,)  w;+ 2v§H0 1 20 1 1
H, (denoted H). A table of the Rydberg transitions and 7898.87110  'Q@21  »+2wp—0 2 20 2 1
their intensities can be obtained from the EPAPS archive. /205717110 IQ(3’1) nmt2rp—0 3 20 31
. . 7912.047(10) R(3,2 v+212<0 4 49 3 2
The Rydberg transitions generally appeared with the phas?%g_mg(lo) R2.1) V42020 3 4.0 5 1
of negative ions, becausejHis formed by impact with 7970413100  'R(1,0 v+2020 2 3.0 1 0
electrong?® About 10% of the Rydberg lines, however, ap- 7998.89010  "Q(22  w+2v2%0 2 10 2 2
peared with the same phase as positive ions. This i§005.582(30) n‘F€(4,2)u V1+ZV§HO 5 4.8 4 2
interpreted as being due to stimulated emission of transi-8007-41000  "Q(3,2%  », #2503 10 3 2
. X . o 8022.01220)  "Q(4,2 v +2v20 4 10 4 2
tions between triplet states of\H— the dissociative charac- 8027.84020  'R(3.1) s P 35 3 1
ter of the lower state leads to the necessary population invegps7 673(10) ”R(3,’1)' ,,iJrzvé_o 4 24 3 1
sion. 8053.382(10) P(6.,6 2v,+v,—0 5 5.5 6 6
Because some Rydberg transitions appear with the san®§71.617100  "R(1,)  »+ 2v§<—0 2 2.0 1 1
phase as the Htransitions, the phase alone is not enough tc#089-40610  'Q(4.3  »;+215-0 4 01 4 3
discriminate between Hand H; . However, the addition of ggg'ggz((igg S((;S) fozz:g i g'g g 2
He (10 Torn as a buffer gas decr_eases the ?n.tensity of t@g Hg128.28010  'R4.1) Vlizuégo 5 3.4 4 1
lines by about a factor of 30 while not significantly affecting s162.653(10) 'R(3,0) v +2020 4 2.9 3 0
the intensity of the I%l lines, as demonstrated in Fig. 1. This 8163.129(10) "R(2,D v1+2v5<0 3 2.0 2 1

decrease can be largely attributed to the factor of 20 Irlcreaﬁ‘Fhe uncertainty in the last decimal places is listed in parentheses.

in gas pressure, which prOVides more coI_Iis_ions to quenChThe expectation value of the approximate quantum nurbier the upper
the H; . Because of the very low proton affinity of H&.85 state, from the calculations of WatséRef. 2.



J. Chem. Phys., Vol. 113, No. 8, 22 August 2000 Combination band spectroscopy of Hy 3107

However, there were two pairs of line§785.233 and TABLE Il. Experimentally determined energy levels.
7785.701; 8162.653 and 8163.228hich were too close in )
frequency to assign solely by comparison with the calculated_*

I J G? u/lP E

<
N

frequencies. The first pair of lines was assigned based on thel 2 2 0 2 7870.018
temperature dependence of the observed intensities: the g ; ; i ;ggggi
lower frequency line became more intense in the helium- ; 2 2 1 2 7958 836
dominated(hottey discharge and therefore arises from the 1 2 2 1 1 7989.541
(J=3, K=0) level in the ground state, rather thah=(1, 1 2 2 3 5 7991.677
K=0). The second pair was assigned based on combination! 2 2 2 3 8057.376
differences: the higher frequency line of the pair shares thei ; ; ‘2‘ 2 gigg?gg
same upper state as the line at 7905.717 tm 1 5 5 5 0 8142091
Table | also shows the uncertainties in the experimental 1 2 2 2 1 8168.192
frequencies, which have been estimated by comparing the1 2 2 3 4 8176.978
frequencies obtained in different scans and by considering ! 2 2 3 3 8302.114
the proximity of NH; reference lines. Also listed in Table | 1 ; ; i é 88333:150'209618
are the values o andK in the ground state, along with the 2 2 3 2 8400.488
values ofJ and the expectation value of the approximate 1 2 2 3 0 8425.421
guantum numbe@ in the upper state. These values are taken 1 2 2 3 1 u 8435.431
from the calculations of Watsdit. 1 2 2 4 4 8522611
Based on these assignments, 28 of the 30lides be- 1 2 2 4 2 ' 8532.444

5 . i 1 2 2 5 6 8539.638

long to thev,+ 2v5+0 band, while two are highd-P-branch 1 2 2 4 3 8679.534
lines of the 2;+ v,—0 band, which has its band cerffer 1 2 2 4 0 8748.123
near 8487 cm'. The strongest line in the, + 21/%(*0 band 1 2 2 5 5 8774.053
(7970.413 cmt) was detected with a signal-to-noise ratio of 1 2 2 4 1 u 8790.483
nearly 100. Considering that this band is approximately 270 ; i i i g 222;?2;
times less intense than the fundamental b&nahich is a 2 1 1 5 6 9049 257

few percent deep in absorption under similar conditions, we
estimate that our Sensitivitminimum detectable absorp_ 2The value ofG for the member of théJ,G) basis set which makes the
. P " —6 e _dominant contribution to the energy level.

tion) is of order_AI/I 3X10 °. Our sensmwty. qu ham b abel for upper and lower states of doublets.

pered by a persistent square-wave shaped noise in the inten-

sity of the diode laser, which may have been due to optical

feedback. This noise appeared most prominently when th%ted frequenciefobserved-calculatedo—c)]. The average

multiple path optical arrangement was used. Because of th& the (0—c) values for all of the lines can be interpreted

square-wave nature of the n.o_ise, it was not completely ﬁ,l'simply as an offset in the band origin, perhaps due to omis-
tered out by the phase sensitive detection and thus contnlglon of varioug(adiabatic and/or nonadiabaticorrections to

uted to noise in our baseline. the Born—Oppenheimer approximation and, to a lesser ex-

Thbe exp((ajrimentgl_ly deter;nink(]ad energy I(Iave(ljs, bi%%d (;)'fbnt, relativistic corrections. The standard deviatigfo—c)
our observed transitions and the previously deterniine of the (0—c) values gives an indication of the accuracy of the

ground state energy levels, are listed in Table Il. In this tablecalculation of the rovibrational energiégiven some vibra-

we have listed the value db for the member of the¢J,G)  4i5na) offse), and should be regarded as the primary figure of

basis set which makes the dominant contribution to the eMaerit. The values ofo—c) for each line and for each calcu-
. 2 . .

ergy level. An energy level diagram of thg+2v3 state IS |44i0n are tabulated in Table I, along with the average

given in Fig. 2, where the observed levels are denoted bYo—c) and o-(0o—c) for each calculation.

thick lines. The observed trapsitions provide nearly complete 114 aarliest work we have considered in our comparison
coverage up td=4, along with three levels af=5. is that of Wolniewicz and Hinz&1994.2 These authors
calculated rotation-vibration term values up 3&4 using
the Meyer-Botschwina—BurtofMBB)?° ab initio potential
The primary motivation for this work was to provide and hyperspherical coordinates. The upper states of 19 of our
experimental data on the, +2v3—0 band for comparison observed transitions were listed in their table. Their average
with theoretical calculations. In this section, we briefly dis- (0—c) was —0.25 cni?, which was less than the standard
cuss several sets of variational calculations performed in redeviationo(o—c)=0.30 cm *.
cent years and compare them to our observed spectra. We In 1996, Watsoft provided us with theoretical predic-
also examine some previously observed lines that have bedions for the frequency range of this experiment. These cal-
assigned to transitions involving theg + 213 state. culations are an updated version of those discussed by Ma-
jewski etal®® and use a “spectroscopically adjusted”
adaptation of the MB® potential in which the potential
We have compared our experimentaj Hrequencies constants have been adjusted to achieve a better fit between
with several sets of variational calculations. For each transiexperiment and the variational calculations. These calcula-
tion we compute the difference of the observed and calcutions were essential for conducting the experiment, as the

V. ANALYSIS

A. Comparison with variational calculations
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9000 — 5 In 1997, Dinelli et al3 published a list of term values
calculated in three different ways. They first used the3b
program suite on a spectroscopically adjusted potéptial
4 5 | 5 6 which is equivalent to the calculations of NMT. Second, they
8800 4 =u 4 — — used theTRIATOM suite on the same potential. Third, they
4 | 4 used theTRIATOM suite on theab initio potential surface of
- Rohse etal®* augmented by ab initio non-Born—
8600 — Oppenheimer adiabatic correctiofisTheir list of term val-
4 5 ues contains some labeling errors, but is fairly comprehen-
sive up to near 9000 cnt. Twenty-six of our observed lines
— could be calculated from theiiRIATOM lists. The TRIATOM
calculations on the spectroscopically adjusted potential gave
I 3 — an averaggo—c) of —0.32 cm'! and ao(o—c) of 0.08
cm 1. Their TRIATOM ab initio calculations gave a larger
band origin offsefaveraggo—c)=—0.74 cm ] but a better
— standard deviatiofio(0—c)=0.06 cm 1].
In 1999, Polyansky and Tennysbpublished a new list
2 of energy levels using the improveab initio potential of
8000 — al 3 Cenceket al,* which includes electronic relativistic and
2 adiabatic corrections. Polyansky and Tennyson also intro-
— duced nonadiabatic corrections in these calculations. Only 22
of our observed lines could be calculated from their list, and
the fit was less satisfactory than thk initio work of Dinelli
et al® The averagéo—c) was 0.52 cm?, and thes(0—c)
was 0.18 cm?.
FIG. 2. Energy level diagram of the, + 23 state of H. Experimentally Very recently, Jaquﬁ has performed similar calcula-
_det_ermined energy levels are denoted by thick lines. The value_ilsané tions based on the Cencek a|‘36 ab initio potential. Addi-
iﬂi“;?s?osgg;’eeg/eegergy levels, and thand| labels are to the right of tionally, he calculated intensities using the dipole moment of
Rohseet al,>* and these were found to be completely con-
sistent with the experimental measurements. His calculations
reproduced 29 of the 30 observed lines, Wlth an average

Upper State Energy (cm'1)
w

1
0
{

0 1 2

1
|
3

frequencies and relative intensities were completely reliable
No lines were observed in our region which were not pre( ¢) of 0.53 cm " and ac(0—c) of 0.09 cm *. In subse-

dicted by Watson’s calculations, and we observed all of théquent calculations, Jaquet included nonadlabatlc corrections
lines Watson predicted, given’our sensitivity. We relied®S discussed in Ref. 38. These corrections substantially re-

éjuced the band origin offset to an average-c) of 0.12

our efforts outside of the continuous tuning range of the®™ » Without changing the standard deviation.

laser. A further advantage of Watson’s calculations is that de far t_he lgfreatest qe""f"“‘f’” bﬁéw ieln }h € e>éper|m<(ajntal
they provide the expectation values of the approximate quarf"—‘n ¢ eoreucaﬁlrequ.enmes Is fort (1,1) fine o serve
tum numbers);, v, |, andG, which make it easy to assign at 7805.893 cm-™. This transition is the only one going into

— H 2 .
the energy levels and determine when the levels are strong _(_) n the v, +2v} state. Jaquét has SUQQGSted. that_thls
mixed. The averagéo—c) was —0.23 cm %, which again eviation may be due to the fact that the nonadiabatic cor-

was less thamr(o—c) = 0.47 cn L. rection should be smaller for th&=0 level. Calculations
We also compared our data to the exhaustive line list 0?/wthout nonadiabatic corrections will not reproduce this ef-
Neale, Miller, and Tennysot1996 (NMT),3t which was fect, and perhaps even the calculations with nonadiabatic
developed in part to facilitate opacity calculations of coolCorrectlons are not fully taking this into account. If tde
stars and the outer planets. These variational calculations are0 line is excluded from the comparison with the theoretical
based on the spectroscopically adjusted potential of Dmempredlctlons the standard deviations of NMT, Dintial,
Polyansky, and TennysdR.Their line list is somewhat dif- and Jaquet improve §3|gn|f|cantly In fact, thk initio Calcu-
ficult to use, as it only provides the value band the energy lation of Dinelli et al”® has as(o—c) of only 0.014 cm*
for the upper and lower levels of each transition. In some” whenJ=0 is excluded — this is comparable to the experl-
cases, even the spin modificatidortho or para) is not mental accuracy.
listed. For these reasons, their line list can only be inter-
preted by comparing the energies ahdo those in other
calculations which give more information about the levels.
Their calculations included all 30 of our observed transitions,  With the energy levels of thefl+21/§ levels now ex-
along with 37 400 others in this wave number range. Despit@erimentally determined, it is possible to evaluate some pre-
these reservations, the calculated frequencies of NMT areiously observed lines which have been assigned by other
quite good: their averag@—c) was—0.33 cm 1, and their  authors to transitions involvingl+2v§.
o(0o—c) was only 0.09 crm?. The transition'P(5,3), in the v, +2v5—2v3 band has

B. Other assignments
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TABLE Ill. Comparison with variational calculations.

(0—c)
Adjusted Potentials Ab initio Potentials
Observed
Transition (cm™h W96* N9E° D97& WH94 DI7K P9d Jood Jooy
'Q(3,0 7785.233 —0.032 —0.297 —0.295 —0.347 -0.714 0.571 0.507 0.138
'Q(1,0 7785.701 0.361 —0.309 —-0.307 —0.326 —-0.721 0.528 0.490 0.122
'R(3,3 7789.878 —0.147 —0.282 —0.233 -0.715 0.541 0.495 0.085
"P(1,1) 7805.893 0.043 —0.647 —0.645 —0.465 —1.038 0.175 —0.221
"P(2,2 7820.239 0.259 -0.351 —0.356 0.043 -0.738 0.569 0.488 0.116
'R(2,2 7822.375 0.125 —0.265 —-0.251 —0.708 0.513 0.105
"P(3,3 7826.739 0.060 -0.381 -0.377 0.269 -0.741 0.635 0.494 0.160
"P(4,4)' 7833.249 —0.195 —-0.421 —-0.421 0.293 —0.745 0.693 0.497 0.189
'R(1,1) 7850.959 0.283 —0.291 —0.284 —0.719 0.514 0.510 0.103
'R(4,3 7880.921 —0.522 —0.259 -0.214 -0.711 0.535 0.092
"Q(1,1 7894.711 0.333 —0.339 —-0.335 —0.186 —-0.737 0.527 0.510 0.154
"Q(2,1 7898.371 0.183 -0.329 -0.329 —0.266 -0.735 0.525 0.511 0.079
"Q(3,1 7905.717 —-0.174 —0.313 —-0.310 —0.378 —-0.725 0.542 0.531 0.172
'R(3,2 7912.047 —0.148 —0.243 —0.242 -0.714 -0.241 0.541 0.099
'R(2,1) 7939.619 0.120 -0.271 —0.268 —-0.713 0.532 0.547 0.135
'R(1,0 7970.413 0.288 —0.287 —-0.285 —0.455 —-0.717 0.506 0.549 0.112
"Q(2,2 7998.890 0.136 -0.350 —0.346 —0.050 -0.729 0.568 0.552 0.198
'R(4,2 8005.582 —0.858 —0.248 0.581 0.105
"Q(3,2 8007.410 -0.218 -0.350 -0.344 -0.260 -0.729 0.559 0.020
"Q(4,2 8022.012 —0.681 -0.318 -0.318 —0.426 —0.694 0.608 0.605 0.343
'R(3,1) 8027.840 —0.497 —0.250 —0.244 -0.812 —0.698 0.550 0.602 0.015
"R(3,D' 8037.673 -0.518 -0.337 -0.335 —0.754 0.538 0.551 0.153
P(6,6) 8053.382 —1.428 —0.528
"R(1,1 8071.617 0.203 -0.313 -0.316 —0.247 -0.720 0.538 0.579 0.085
"Q(4,3 8089.406 —0.876 —0.344 —0.344 0.034 —0.724 0.665 0.596 0.168
"Q(@3,3 8110.069 -0.133 -0.381 -0.384 -0.079 -0.725 0.600 0.596 0.144
P(5,5 8123.128 —0.857 —0.492 0.372 0.259
'R(4,1) 8128.280 —1.051 -0.270 0.604 0.007
'R(3,0 8162.653 —0.666 —0.257 —0.261 —0.780 -0.722 0.483 0.609 0.101
"R(2,1) 8163.129 —0.166 —-0.311 —-0.310 —0.369 —-0.721 0.542 0.612 0.158
Average(o—c) -0.226 -0.334 -0.321 —0.253 -0.735 0.524 0.528 0.116
o(0—c) 0.468 0.089 0.083 0.295 0.063 0.178 0.086 0.095
o(0o—c) [noJ=0] 0.482 0.069 0.052 0.306 0.014 — 0.052 0.070

aReference 21.

PReference 31.

‘Reference 33adjusted potential
dReference 28.

fReference 33ab initio).

'Reference 5.

9Reference 37ab initio).

"Reference 37ab initio + nonadiabatig

been assigned by Majewski al* to an observed line at c¢m! to theR(2,3) transition of the same band. We calculate

2134.241 cm?, but has also been assigned by Dinellithat this transition should occur at 2648.105 ¢mwhich
et al* to an observed line at 2134.607 ch Based on the  confirms the assignment.

energy of the {=4, G=6) level of v; +2v3 from this work
and the energy of the lower level determined by Xu, Gabrys
and Oké&’ we calculate that this transition should occur at
2134.000 cm?. This casts doubt on both assignments, but  Variational calculations of H transitions usingb initio
particularly on that of Dinelliet al. potential energy surfaces[as well as non-Born-
Dinelli et al. have also assigned an observed line atOppenhemier correctiohare beginning to approach experi-
2403.350 cm?! to the Q(2,3) transition of thev;+ 21/% mental accuracy, especially when allowance is made for an
—v,+v, band. Based on our experimental energy of theoffset in the band origin and thle=0 level. Improvements in
(J=2, G=3) level of v;+2v3 and the previously deter- the treatment of nonadiabatic effects will likely lead to even
mined energy of the lower levé!, we calculate that this better agreement in the future.
transition should occur at 2403.367 tf Given the experi- The next frontier of H spectroscopy lies at even higher
mental uncertainties, this assignment cannot be excluded. knergies £10000 cm'!), where H has enough energy to
addition, Dinelliet al. assigned an observed line at 2648.105sample linear geometries in the course of its vibrational mo-

VI. CONCLUSIONS
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tion. This energy regime is particularly difficult theoretically 2B. J. McCall, T. R. Geballe, K. H. Hinkle, and T. Oka, Scier®#9, 1910
— none of the rovibrational variational calculations per- (1998.

. . . 13 A
formed in this range to date include the correct boundary |- R- Geballe, B. J. McCall, K. H. Hinkle, and T. Oka, Astrophys510,

" . ; o 251 (1999.
conditions for linear geometries. All of the vibrational statess Oka, Phys. Rev. Let#5, 531 (1980,

which have been spectroscopically probed to datg (1, 15B. J. McCall, Philos. Trans. R. Soc. London, Ser(il press.
2vg, 21/%, vt vy, 31/%, V1+2V§, and 2v;+v,) have been 183 K. G. watson, J. Mol. Spectrost03 350 (1984
well below the barrier to linearity. 73, T. Hougen, J. Chem. Phy&7, 1433(1962.

However, the detection of the,+ 2,}%(_0 band with  S. Miller and J. Tennyson, J. Mol. Spectrod@8 530(1988.

19
high signal to noise suggests that this barrier may soon beC: S: Gudeman. M. H. Begemann, J. Pfaff, and R. J. Saykally, Phys. Rev.

_ , Lett. 50, 727 (1983.
broken. The %30 band is expected to lie near 10900 zog Gue|achvi(”i(p2vate communication

cm ! (~920 nm and should be only about a factor of 20 23, k. G. Watsor{private communication
weaker tharw; +2v5—0. With the much higher power and ??See EPAPS Document No. E-JCPSA6-113-021032 for a file containing
lower noise of the titanium:sapphire las@ompared to di- the frequencies and intensities of the observed Rydberg transitions. This

; 1 e document may be retrieved via the EPAPS homepatp://www.aip.org/
ode laserk the detection of the E§<—0 band may be within pubservs/epaps.htimbr from ftp.aip.org in the directory /epaps/. See the
reach. EPAPS homepage for more information. The table is also available on the

author’s web sitdat http://h3plus.uchicago.edu/data/rydbergs.html
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