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Most of a large gap in the laboratory rovibrational spectrum gfiiétween the, fundamental and the first overtone has
been filled using a recently automated color center laser spectrometer which scans between 3000 and-420Gammw-bore
liquid-nitrogen-cooled He/KHdischarge is used to produce rotationally and vibrationally hpt With the high-temperature
plasma and the improved sensitivity of the spectrometer we were able to probe very high-energy rovibrational levels, several in
the region of the barrier to linearity where theoretical calculations are expected to break dow.Eisevier Science

I. INTRODUCTION transitions and the improvement in variational afdnitio cal-
culations to near spectroscopic accuracy (see Hé)j. for a

Since its discovery in 198QY, the infrared spectrum of H review).
has been an important probe of Hominated laboratory and  After extensive studies of the fundamental ba@) (recent
astronomical plasmas. In the interstellar mediurg,tés been |aboratory work on f has been directed toward probingincreas
observed in a variety of dens2+{4) and diffuse 4-6) clouds ingly higher energy levels where the rovibrational states becor
and its absorption features provide a unique measure of a clouskglly mixed and calculations less reliable. Using difference
temperature and column lengt®)(H; has also been detectedfrequency (DF) spectrometers, earlier efforts concentrated
as strong emission from the ionospheres of JupiteB)( Saturn  the region 3-4.m where several hotbandal) and highd (22)
(9), and Uranus 10). With high-spatial-resolution telescopesransitions of the fundamental band occur. A Lilbased DF
and cameras, these features are used to image the plasma agfjéctrometer and diode lasers were used to probeithe-20
tiesin the Jovianionosphergd). In the laboratory, fundamental (23) and 3, < 0 (24) overtone transitions. Most recently,
transitions of H have been used to study nuclear spin selectigncCall and Oka 25) reported 2; + vy, the highest observed
rulesin chemical reaction&®), electron recombinatiori ), the combination band so far. We refer the reader to a recent revie
rate of ion destruction by ambipolar diffusiob4j, and radial for a summary of the previous laboratory wogé.
charge distributions in electric dischargés)( In this paper we report our continuing effort to probe highe

The spectroscopy of His a rare example where the deveenergy states of £ Using a recently automated color cente
lopment of theoretical calculation and of experimental techaser (CCL) spectrometer, we surveyed ktansitions from
nique occurred simultaneously. With only three protons ar8900 to 4200 cm' in the hottest discharge to date. With the
two electrons, H is theoretically tractable from first princi- spectrometer’s significantly higher sensitivity and the plasma
ples and is used as a benchmark for high-level rovibratigiigher vibrational and rotational temperatures, we were able
calculations of polyatomic molecule$G-19. Despite its ap- observe and assign 100 new transitions, several of which pro
parent simplicity, H exhibits nonclassical bonding, a very anenergy levels near the barrier to linearity~at0,000 cnt?.
harmonic potential, and a singularity at the barrier to linearity
which makes traditional coordinate systems fail at high energies. IL. EXPERIMENTAL
Due to these complexities, reasonable predictions of transition
frequencies were only possible with high-level rovibrational H was produced in a positive column discharge and d
calculations. Because advances in theoretical calculations ggted using velocity modulation absorption spectrosc@@y (
curred at the same time as the laboratory spectroscopy improy&ge Fig. 1). In brief-1 mW of 2.3- to 3.5xm tunable radiation
its techniques, theorists and spectroscopists worked togethgm a CCL was splitinto two beams and passed four timesin o
closely, each benefiting from the other’s results. A collaboratigsbsite directions through a plasma tube in a bidirectional Whit
“cycle” resulted where theorists predict transitions, spectrgg|| configuration 21). The plasma is produced by applying
scopists search for, measure, and assign those transitions andy kv (peak to peak) AC voltage with a frequency of 10 kH:z
theorists use the new data to improve and extend their calcU@ross a~1 m Pyrex tube filled with 5-Torr He and 200 mTorr
tions. Over the past two decades, many cycles of this interactiqp. The voltage was chosen to give a constant current throu:
have been repeated and have led to the observation of over #¥tube. For this experiment, we maintained a current of 175 r
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FIG.1. Schematic diagram of the color center laser spectrometer, infrared diagnostics, and ion production/detection system.

(rms). The plasma tube, which is discussed in detail elsewhergstal, the pump beam was sent through an acousto-optic s
(14), has more inlets than the ones used in previofiekperi- bilizer (Liconix Model 50SA) to decrease intensity fluctuations
ments in this region but is otherwise identical. After leaving thEhe Burleigh FCL-20 is a standing wave resonator contait
multipass cell, the two laser beams were detected with liquithg a lasing crystal, a low finesse scannitglon, and a Lit-

nitrogen-cooled InSb photodiodes. The signals from these tévow mounted grating, capable of producing a single-mode fre
diodes were subtracted, processed by a lock-in amplifier at tlumning bandwidth of-1 MHz. Frequency scanning is achievec
discharge frequency, and recorded by a computer. In orderbptuning the cavity length, thetalon spacing, and the grating
avoid atmospheric water absorptions from 3600 to 4000'¢m angle simultaneously. The commercial unit was designed to sc
the entire path of the laser radiation was enclosed within acrytlee cavity andetalon length together in a feedforward fashior
boxes filled with Drierite dessicant and backfilled with dryvhile manually turning the grating. Full translation of the cav
nitrogen. ity mirror piezo scans the laser frequency by only 0.07 tm

This experiment was made possible by improvements to tAéhough the€talon can be scannedl cnt in a full piezo
CCL, laser diagnostics equipment, and noise subtraction aiamp, it is racheted back at the same time that the cavity rach
cuitry. Each of these components will now be discussed in detdihck due to the feedforward set-up. Consequently, this mode
operation produces very short scans without safeguards agai
mode-hopping and is inadequate to the study of molecules w
moderate to large rotational constants.

Infrared radiation was produced by a Burleigh FCL-20 color We have overcome these problems by computer controllir
center laser. Complete coverage across 3000-4200' creach of the laser components. A number of groups have do
was achieved by pumping a RbCI: Lgfl)-crystal (3000— this in the past48—31, 33, and our system is modeled after the
3700 cnt?) and a KCI: Li-R (Il)-crystal (3700—-4200 cm')  Princeton apparatu88). Two analog outputs (National Instru-
with 1-2.5 W of 641.7-nm single-line, multimode radiation fromments Model PCI-MIO-16E-4) are amplified (Burleigh RC-44
a Krt laser (Spectra Physics Model 171). Before entering tlad RC-45) and sent to the piezo translators (PZTs) attach

I1.1. CCL Spectrometer
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to a cavity folding mirror and one of the internatialon plates. and linearity of the 150-MHz spectrum analyzer scan betwee
To scan the cavity resonance frequency, these two compondnts consecutive modes. We ensured linearity by trimming tt
are ramped by the computer similar to the feedforward methoamp drive voltage and controlling the temperature ofttadon
except that the two PZTs are racheted back individually wheavity. The accuracy of the relative frequency was measur
each piezo reaches its full extent. To minimize mode hoppingth reference gases and approaches the nominal linewidth
during scanning or PZT rachet-backs, an error signal is pritve laser £0.0001 cnt?).
duced by applying a small 1-kHz dither to te&alon PZT as  Along with theétalon finder output, we recorded the spectr
discussed in Ref.2Q). This error signal is fed back into theof several different reference gases. For absolute frequency ¢
computer and is used to adjust the alignment oftfadon mode bration spectra of @4, (34), NH3z (35), H,O (36), CHsl
to the cavity mode. For faster scan rates,dtadn position is (35), C;H, (35), and NQ (37) were used over the regions
only “corrected” when the error signal is sufficiently large. Th8000-3210 cmt, 3210-3508 cm', 3508-3895 cmt, 3895—
final tuning element, the grating, is attached to a 400 steps/@874 cnT!, 3974—-4120 cm’, and 4120-4165 cm, respec-
stepper motor (Warner Electric Model MO61-FF-206) via a 3 :tively.
antibacklash, reduction gearhead (Warner Electric Model SE23-
03). The driver for the stepper motor (Warner Electric Model
SS2000D6) communicates digitally with the computer through
three 10 ports. Because the grating is a much coarser tuning eleSignal subtraction is a common technique to reduce laser i
ment than theetalon, cavity mode hopping does not result frortensity noise in direct absorption experiments. Double beam st
small misalignment of the grating and locking it to the cavityraction is particularly effective when applied to velocity modu
becomes unnecessary. Instead, the grating position is calibrdggthn because both channels can be used to measure absorr
to theétalon position by the method introduced by Kasgteal.  when sent through an AC discharge in opposite directions. Up
(28). One departure from their method is that instead of using teabtraction, the two ion signals, which have opposite phase,
power of the laser as the measureetdlon-grating alignment, fectively add together while the laser noise, spurious plasn
we use the intensity of the maximum lasing mode derived fronvise, and absorption signals due to neutral molecules subtr
a spectrum analyzer (see below). Controlling the laser in thosit.
way makes possible high-resolution scanning of the spectromeThe effectiveness of this technique lies in the careful matcl
ter over many wavenumbers at rates exceeding 16t4m ing of the noise in the two channels before subtraction. Th
is generally done by manually balancing the two signals opt
cally before detection with an optical attenuator or afterwarc
electronically with a voltage divider. Optimal balance is very dif:
While capable of covering large frequency regions with littlécult to maintain, especially during scanning due to the sligt
user intervention, this method of scanning does not carefullyavelength dependence of optics atdloning within and be-
ensure the linearity or continuity of the scanning. When theveen the optics which change the total power in each chann
grating is stepped, thetalon and cavity PZTs are racheted baclRegardless of the cause, noise reduction is severely degra
and the cavity mode hops (this happens occasionally despitewteen the two channels are not balanced.
feedback), small variations are introduced to the scanning rateRecently, P. C. D. Hobbs at IBM created a series of subtra
Instead of compensating for these nonlinearities in the controltain circuits @8) that automatically balance the photocurrent:
the laser, we continuously monitor the frequency of the laser with a feedback-controlled current divider before subtraction. B
a temperature stabilized 150 MHz spectrum analyzer (Burleigbing this he was able to reduce amplitude fluctuations by 5(
CFT 500). Traditionally, the transmission of the laser through &i® dB and routinely achieve shot-noise limited performance. W
étalon is recorded during a scan. Using the free spectral rarageempted to apply Hobbs’ circuit to our InSb liquid-nitrogen:
of the étalon, the relative frequency of the laser is determinewboled photodiodes, unsuccessfully. Instead, we created a n
by interpolating betweertalon peaks to every data point. Ircircuit which accomplishes the same task with voltages (Fig. 2
contrast, we ramp ougtalon and record the cavity length forWhile a detailed analysis of the circuit is left to the reader,
which a transmission occurs with the help of atdlon finder” brief description follows.
circuit (32, 33. As the laser scans, this signal takes on a sawtoothEach photodiode is sent into a transimpedance amplifi
shape (see Fig. 3), hopping from one mode ofdtaon cavity where the photocurrents are converted to voltages, amplifie
to the next. Theetalon finder output traces the frequency adind given an offset controlled by R1 and R2. The purpose |
the laser and can be used to construct the relative frequencyto$ offset is to cancel out the background current associat
every data point after the scan is recorded. Another, coarseith the unirradiated diode. The reference channel voltage go
7.5 GHzétalon (Burleigh FCL 975) is similarly monitored andthrough a feedback-controlled voltage divider before being su
is used to determine which mode the fine 150 Méfalon is tracted from the signal voltage in Q3. A portion of the output i
on when the laser takes a large frequency hop. The linearitysaint to an integrator whose result controls the voltage divide
the final frequency information depends only on the stabiliffhe integrator sets the divider in such a way as to reduce t

I1.3. Noise Subtraction

I1.2. Laser Diagnostics

© 2001 Elsevier Science



54 LINDSAY, RADE, AND OKA

Signal TABLE 1
Channel 5.6k Observed H Transitions and Assignments

" INA105 Frequency Relative

5k 25k S“bgsftor (cm™ Assignmerit Bandf intensity®

2998.347 (1) R(11, 7) 022011 5.0<10°3

i 3003.253 (09) R(5, 3) 031020 2.6¢10°3

3006.996 (05) R(5, 4), 022011 2.%1072

3008.108 (05) R(4, 4 011<-000 1.%10!

__________ 3009.316 (09 R(2, 1) 111011 7.5¢10°3

Reference 21k 3011.509 (05) R(6, 5): 011<-000 1.2101

Channel 3014.364 (05) R(6, 6) 011<-000 1.0

113k 3015.241 (05) R(4, 3 011<-000 7.8<10°1

3017.628 (05) R(5, 0) 033022 8.1x10°3

3018.586 (05) R(9, 8), 020011 8.8<10°3

3020.495 (05 R(4, 4) 022011 1.6x102

3021.862 (09) R(6, 4)! 122111 4.7x1073

3022.424 (09 tR(5, 1), 111011 8.4¢1073

3023.679 (109 R(6, 3) 111100 6.5¢10°3

3024.439 (10 'R(8, 5) 100000 8.1073

L5V 3024.558 (10) R(4, 2 011000 3.5¢101

AA 3025.941 (09 R(7, 4) 011<-000 1.%102

FIG. 2. Circuit diagram for the autobalancing transimpedance differcanti§p26'162 (09) ‘R(6, 4|) 100<-000 1'5(10_2

amplifier. We used the following components in our device: Q1-OP470 ve 28.543 (05) R, 6)|u 022+-011 5'7><1073
low noise quad op-amp, Q2—-LF356 op-amp, Q3-INA105 precision unity gar 28.977 (05) R(7.3), 022+-011 5.0<10"

differential amplifier, and Q4-2N5457 MOSFET. 3029.075 (10 R(7, 3)' 011«000 1.%10°2

3029.832 (05) R(4, 1) 011<-000 2.8«101

DC in the subtracted output to zero, i.e., balanced operatio;’@gg-ﬁg Egg; gg: g;' 8;;‘—822 i-iigj
In conjunction Wlth a 10-k!—|z_ velocity modulation, this Clrcu%os&720 (10) R(12 12) 020011 5 210-3
decreased the noise to within a factor of 20 of the shot noiggs7 319 0% tR(L 0) 111011 1.5¢10-2
limit at a 0.3-Hz bandwidth in our system. 3038.924 (20) 'R(10, 6) 100<-000 5.3¢10°3
3042.587 (109 R(6, 4) 111100 8.31073

III. RESULTS AND DISCUSSION 3046.045 (05) R(, 1)} 022011 1.8¢10°2

3050.552 (09) R(8, 4) 011000 9.8¢10°3

We have continuously scanned fordHfrom 2997 to 3051.407 (05) R(6, 5)! 022011 8.5¢1072
3605 cnT! and 3695 to 4165 crt using the CCL spectrometer3052.077 (05) R(5, 1) 033022 1.0« 10'2
with a resolution (frequency between data points)}s MHz.  3053:355 (03) R(6. 1)* 111100 1.3107
The gap from 3605-3695 cth is due to our spectrum ana-203.563 (09) R(10. 9) 020011 16107
- Y ) ’ 3056.252 (00 R(9, 5) 011<-000 3.6<102

lyzers failing to transmit in this region, presumably because g#s9.507 (109 np(3, 4) 111011 5.2¢10-3
absorption by water embedded in eathlon’s fused silica op- 3060.507 (05 R(5, 0) 022011 5.3%1072
tics during manufacturing. A total of 257 lines were observe62.110 (05) R(6, 6) 111100 7-0<1OFZ‘
and their intensities and frequencies determined by fitting ea'?%z'?:ai (ig’ ;RS’ b 13“011 i;ﬁo )
line to a Gaussian first derivative lineshape. Of these lines 16%3' 01(19) ( ’63 011000 ' OFB
were previously unreported and all but 6 of the lines were 63.282 (19) 1R(6’ 3), 031020 75(10;
. . S . ) 63.935 (05 R(6, 2) 111011 1.1x10
signed. The transition frequencies, intensities, and assignmeyys, a5 (054 R(7, 6) 011<-000 2 0c10-1
are listed in Table 1. 3064.356 (05) R(, 2), 022<-011 2.0¢10°1
Our initial model of the H spectrum using the calculations3065.577 (05) R(. 2); 022011 491072

of Watson (6) and the conditions (temperature and absorption
signal-to-noise ratio) reported in Baweradial. predictec~~300 ZThe uncertainty in the last two digits is listed in parenthesis.
new lines were observable from 3000-4200 énDespite our Ve Use the notation introduced by McCals 23.
havi dicted over 75 detectable lines above 3600 cthe Band notation corresponds g, vy, £ < vy vy €7,
f”“/mg pre ' £ d The reported relative intensities are goodt20%. The absolute intensity
highest frequency line that we observed was at 3596.21%.cms only known to a factor of 5 with a value of 1.0 roughly corresponding to :
After assigning all of the observed lines, we performed a populgak absorption of & 10~* over a 10.8 m pathlength.
tion distribution analysis of the discharge which revealed a mucﬁi First reported by Oka in Ref1}.
higher temperature than anticipated (more details below). The F's! reported by Majewsiét al.in Ref. (2).
It . in th tition f ti d the int First reported by Xet al.in Ref. @0).
resulting increase in the partition function decreases the intenn ;. reported by Majewsiet al.in Ref. @3).
sity of each transition by a factor of5. This is not very serious i First reported by Ut al.in Ref. 22).

for hot bands because the increase in intensity due to the largeoverlapping lines.

© 2001 Elsevier Science
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TABLE 1—Continued TABLE 1—Continued

Frequency Relative Frequency Relative
(cm™Y) Assignmerit Band intensity?! (cm™Y) Assignmerit Band intensity?!
3065.777 (05) R(5, 1)} 022011 3.4x1072  3177.167 (05) R(10, 8) 011000 3.1x1072
3066.565 (05) 'R(5, 3) 100000 9.%103  3177.167 (05) R(7,3)¥ 111100 3.1x1072
3067.733 (05) R(4, 2)¢ 022011 1.%102 3177.628 (05) "R(7, 5 022100 6.1x1073
3069.176 (05 R, 7) 011000 3.310°1 3179.115(05) 'R(6, 3) 111011 4.1x102
3076.175 (10) R(5, 3)! 033022 1.5¢1072 3179.998 (05 R(6, 4} 022+-011 2.1x1072
3077.457 (10) 'R(6.3) 2000100 83103 3182.038(05) IR(G, 6)“u 011<000 6.2 1cr;

3078.892 (05) R(9, 3) 011<-000 12102 3182.281(05) R(5.2) 1011 13107
3085.617 (05 'R(5, 3) 111011 551072 3182.605 (05) ? ? 1.1x10°2
3086.072 (05) tR(4, 2) 111011 1.%10°2 3187.488 (05) R(11, 8) 011000 1.2¢10°2
3093.669 (05 R(7, 7)" 111100 9.9¢10°3  3188.423 (05) R(. 2); 022011 2.1x102
3096.416 (05 R(5, 5)¥ 011000 2.310°!  3193.232 (05) R(6, 5)" 011000 3.3«10!
3096.665 (05 R(6, 3)| 022011 2.1x1072  3194.796 (03 'R(6, 0) 111011 3.31072
3097.259 (05 'R(2, 0) 111011 1.%10°2 3199.631 (05) "R(7, 7) 022100 1.2¢1072
3097.985 (05 R(5, 4)! 022011 2.%1072  3200.722 (05) R(10, 9) 011<-000 1.2107t
3099.905 (05) R(8, 6) 011«-000 6.6<102  3201.386 (05) R(7, 1) 022011 1.4¢1072
3100.130 (05) 'R(7, 3) 200100 7.0¢10°3  3201.672(09) R(6.5); 022011 2.0¢10°2
3101.397 (09) R(5, 3); 022011 45<102  3203.501 (10 R(8, 6)v 111100 6.8<1073
3102.368 (05) R(8.5) 011«-000 1.0<102  3205.308 (05 R(6, 4) 011000 1.8¢10°!
3102.736 (09) 'R(3, 1) 111011 2.0<1072  3209.072 (05 R(11, 9) 011000 2.8¢1072
3103.873 (05) R(6, 0) 022011 6.%10°°  3210.543 (05) R(12 9) 011000 1.0x102
3104.125 (10) ? ? 87107%  3210.801 (05) R(10, 10} 011000 9.%1072
3106.804 (05) R(5, 4 011000 5.4¢10°" 3212252 (05) R(6, 2)4 011<000 1101
3108.871 (05) R(7. 6) 022-011 2.0<101  3214.612 (09 R(6, 6) 022011 3.5¢10°2
3110.877 (10) "P(5, 6) 111011 7.810°  3216.360 (05 R(6, 3) 011<-000 2.8¢10°!
3111.038 (10) "R(9, 9) 020100 5102 3219.108 (09) 'R(7,3) 100000 1.%10°2
3113.532 (05) R(8, 7) 011000 1.5¢10"!  3220.181 (05) R(7,0) 022011 3.0<10°2
3115.615 (05) R(5,5) 022011 29107 3220.816 (05 R(6, 1) 011000 1.6<10°1
3118.511 (05) R(6. 4) 022011 73107 3221.086 (05) Q2. 3) 111011 5.9¢10°3
3120.210 (09) 'R(4,2) 100000 13102 3221.214 (05) R(7, 1) 022011 1.%10°2
3120.321 (05) R(8, 8) 011000 3101 3222022 (05) R(, 3) 022011 6.8<10°3
3121.216 (09) ‘R4, 0) 111011 1.3<1072 3228754 (05) 'R(3, O)M 111011 1.5¢1072
3121.814 (05) R(5, 3)¥ 011<-000 8.5¢10° 3235521 (05) 2 2 1:010-2
3122.252 (09) R(5, 2 011000 3.310°" 3235574 (05) R(6,7) 022011 1.5¢1072
3124.264 (05) ? ? 181072 3235813 (05) R(12 10) 011<-000 1.2<1072
3128.068 (05) R(5, 1)1 011000 45¢10°1 3236.270 (05) R(7,4) 022011 2.9%10°2
3128.295 (05) R(7,2) 111100 1.4¢102 3238614 (05) R(11 10} 011<-000 2.9¢10°?
3129.516 (10) R(6. 1) 022011 2.8<107  3238.661 (05) R(9, 8)| 022011 1.9%10°2
3129.811 (05) R(5, 0) 011000 7.5¢101 3240385 (05 R(8, 6) 022<-011 5.6¢10~2
3130.216 (05) R(9. 6) 011000 4.1x107%  3247.272 (05) tR(8, 2 111<-011 1.1x10°2
3134.077 (05) R(7, 6) 031020 121072 3247.694 (05) R(7, 2) 022011 1.5¢1072
3136.793 (05) R(7, 1) 111100 13102 3247.800 (05) 'R(6, 1) 111011 9.4¢1073
3137.145 (05) R(5, 6) 022011 4.1x107%  3247.891 (09) R(7, 4)4 022011 2.3<1072
3137.814 (05 R(6, 3)3 022011 111071 3249501 (05) ? ? 6:810-3
3138.979 (05) R(7,0) 111100 2.0<107%  3249.704 (05) R(11, 11) 011«-000 7.6¢1072
3140.641 (05 R(9, 7 011<-000 4.7x1072  3249.794 (09) R(7, 3)i 022011 4.1x1072
3144.458 (09 'R(6, 3) 100000 2.4¢102  3259.835 (03 R(7.3) 022011 2.0<102
3144.464 (109 "R(1,1) 111011 24102 3261.336 (05) R(8, 5) 022+-011 9.9¢10°3
3150.724 (05) R(6. 1)y 022011 3.¢1072  3265.138 (0%) R(7,7) 011000 9.9¢1072
3151.824 (05) R(7. 4)" 111100 7.2<10°° 3265304 (05) R(8, 1) 022011 8.4¢10°3
3152.951 (05) R(6. 2)y 022011 341072 3266.017 (05) R(7,5) 022011 2.2¢1072
3159.014 (09) R(9, 8) 011--000 11x10°1 3269095 (05) "R(8, 51 022100 8.210°3
3160.236 (05) R(10,7) 011+-000 16102 3269.496 (05) R(8, 3) 111100 8.9¢1073
3162.430 (05) R(10,6) 011000 7.9¢10°° 3270571 (05) R(14, 12) 011000 8.%1073
3163.198 (05) 'R(5, 1), 111011 9.0<107° 3272713 (09 R(12 11) 011<-000 2 0¢10-2
3167.596 (05) R(9, 9) 011«-000 3.%10°! 3276.197 (09) R(7, 6)" 011000 14107t
3172.045 (05) R(8, 7) 022011 31072  3277.429 (09) ‘R8.3) 100--000 1.3<1072
3175.189 (05) R(7, 5) 022011 421072  3282.307 (05) 'R(6, 2) 100000 2.7%1072
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TABLE 1—Continued

LINDSAY, RADE, AND OKA

TABLE 1—Continued

Frequency Relative Frequency Relative
(cm™Y) Assignmertt Band intensity! (cm™b) Assignmerit Band intensity!
3282.997 (05) —6R(8, 6)y 020011 7.5¢103  3439.825 (05) R(11, 9) 022011 8.4¢1073
2 .
im0 el e 7200 samewy  me  mmowo  20a0
3288.443 (09 t R(% 3§U 111011 1.4¢10°2 3443.148 (03) tR(g’ 7 | 01000 Y 1073
a1 (05 RO ,5)u| 11 oon e 3443.466 (10) R(7, 03 111011 4.6 10_2
o2 e R(7’ ) 027011 62103 3445.702 (05) tR(9, 1) 011<-000 2.1x 1073
3293.790 (09 R(9’ 6)|” 111«-100 9.7%10°3 3445.014 (05) RS, 03 100000 8.0 10_2
3296.014 (05) R(97 g)u 111«100 7.6¢10-3 34%0.711 (09) RO. 8, 0220l -y 1072
3298.990 (05) R(8’ 3 022011 2.8¢10°2 3452.852 (09) RO.9 011000 05 10_2
: > Sl - 3455.008 (05) R(9, 6) 011<-000 8.%10
3300.111 (10) 'R(5, 0) 111011 6.0¢<103  3457.772 (05) 'R(10,2) 100000 6.71073
3301.694 Eog *6( R(8,)u5)| 020011 9.3« 1cri 3458.383 (05) R(9, 3)| 022011 1.3¢1072
3302.423 (0 R(7,4 011<-000 1.0<10~ - u -2
3303.093 (03) R(13, 12) 011<-000 2.4¢10°2 3221'222 Egﬁ; tRF% 52) (1%%):888 é'i 1873
3305.935 (03) R(7,1)" 011<-000 8.0<102 3473 764 (05) R(10, 6)¢ 022011 9.3¢10-3
3307.150 (05) R(10, 9), 022-011 2.%10% 3476189 (03 RO AV 011000 3 1 10-2
3308.650 (10) R(9, 7) ' 022011 2.0¢1072 -189(09) 9.4 - ‘o 10-3
3308.684 (05) R(7’ 0)I 011«-000 5.8¢10°2 3486.049 (09) RO g)u 022011 7810 2
3300.924 (05) R(77 7 022011 13102 3497.971 (09) 55(9’ 3 | 07009 G'klois
. ; 3107 3498.764 (05) R(9, 5) 011000 5.3<10
3311.009 (05) R(8, 0) j 022011 2.2¢10 . 3499.417 (08) R(10, 10 011«-000 2.8 10r§
3313.752 (05) R(13 13 011000 3.6<1072  3503.305 (10) R(10, 9)4 011«-000 3310~
3317.786 (05) "R(8, 1), 111011 7.% 1cri 3513.541 (05) R(10, 8)M 011<-000 2.%10°2
BRD WY WR D mme omn o owm e
3328.773 (05) R(8. 3) 022011 20102 3593 74 Eosg t Fg(é 1)) 100-000 52103
3329.924 (03) R(14, 13) 011<-000 9.3<10 3553 998 (08) R(10, 7)¢ 011<-000 1.9¢10-2
3331.374 (05) R(8, 4) 022+-011 12102 3557047 (05 R(10. 9} 022011 5.010-3
3331.571 (05) R(8 5)|“ 022011 1.210°2 04709 (10 )H - e 10-2
3332.520 (05) R(77 8)u 022011 7.310°3 3581.279 (0% RIO G)U 011000 4510 2
3338.534 (08) R(l’4 14) 011<-000 1.6¢10°2 3546.576 (09) R(10.5) 011000 L1100
: s : 3551.579 (15) R(10, 3)4 011000 1.2¢1072
3343.326 (05) 'R(9, 3) 100000 6.9 10*2 3552.313 (13; R(10, 4) 011000 8.% 10r';‘
3345.710 (05) R(8, 8) 011000 6.3<1072  3553.705 (1 R(11,0) 011000 5.8<10~
peusey  FOS mmom 0ol amased  mnmp  oucow  isao
: . ) - , 3572419 (18) R(11, 11) 011«-000 1.1x 10"
3356.747 (05) R(S, 2) 011000 2. 10_3 3574.750 (15) t R(?, 0) 100000 3.5¢10°3
ggg;'igg ﬁgg; R?(15 15) 011<—?ooo 172;?132 3579.301 (19) R(LL 9)3 011000 1'&1OE§
Soes 200 10 ‘R ’2) oo oo o2 3586.136 (15) R(10, 2)u 011«000 4.4 10_3
3368.118 (08) R(8 ’e)u 011<-000 1.0¢10°1 3588.381 (15) R(LL 8)u 011000 > 1073
S oee 560 (05 R(8’ = oo oas s 3596.217 (15) R(11, 7) 011«000 5.8<10
. 7)1 .
3369.664 (05) R(9, 5) 022011 7.5¢1073
3375.003 (05) R(8, 6) 022011 221072
3376.775 (05) R(11, 10} 022011 9.6<10%  Boltzmann factor overides the loss due to the higher partitic
3377.047 (05) 'R(10, %) 100--000 8-5‘1“? function. Transitions from low energy levels, however, have onl
3380.010 (09) R(8,5) 011000 6.5:10 , amoderate increase in their Boltzmann factor and are conside
3381.399 (05) R(8, 1) 011000 4.9¢10" . . )
3388.155 (05) R(@. 2) 022<011 7.4c10-2  bly weakerat higher temperatures. Most of the lines lying aboy
3389.119 (05) R(9, 3)! 022011 1.1x10-2 3600 cnT?! are the 35 <« 0O first overtone transitions whose in-
3392.547 (08) R(8, 4 011<-000 481072  tensities are affected more severely by an increase in partiti
3395.752 (095) ‘R(6.1) 100<-000 6.410°  function. Once the proper temperature was taken into conside
3399.510 (08) R(, 3" 011+-000 8.8« 10’2 tion, we estimated that 10-15 detectable lines may have be
228?-231 Egg; Eg’ gu 8:;:811 iljﬁgz missed in the gap between 3600 and 3700%and that all lines
3408.984 (10) R(1b, 7“)|u 022011 5.2 10-3 above 3700 cmt were below our level (_)f sensm\_/lty.
3411.415 (05) R(9, 7)! 022011 8.2¢10-3 Because of the high energy levels involved in the observe
3411.858 (05) tR(9, 2) 100000 151072  spectrum, assignment of transitions was only possible with t
3423.809 (08) RO, 9 011+-000 7.3 10’2 help of theoretical calculations. We found the variational calct
iii'ggg Egg; EES’ g;u gﬁigéé 2;(1&2 lations of Watson16) and Neale, Miller, and Tennyson (NMT)

(39), which supply both the transition intensities and frequencie
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to high J level transitions, to be most useful. During our assigrsymbol is appended to our transition label as a superscript o
ment process we realized that a combination of both calculatissscript (corresponding to the transition’s upper or lower sta
was necessary in assigning all of the lines. NMT'’s calculatiomespectively) and is left off completely for ndg-doubled states.
are in general much more precise than those of Watson, usuallyVe assigned a total of 100 new lines in the < O,
differing from experiment by less than 0.1 chaFor transitions vy < 0, vy 4 vy < v, V1 + vy < Vo, 2v2'2 <« vy, 2v1 < vy,
involving high J levels (0 > 10), however, these calculations2,9? « vy, and 35° < v bands. Many of these bands are
have a serious problem and sometimes differ from the exp@srbidden transitions40) that become observable by intensity
imentally measured frequencies by as much as severat.cnmborrowing from allowed transitions. Figure 3 shows an exan
For these levels Watson’s calculations are more reliable. Conpge scan of a 5-Torr He/200 mTorr,Hlischarge. In addition
quently, assignments were made by a combination of the two c@l-the H{ lines, we can see in this sample a transition fron
culations taking into account both the calculated intensities aNgi} . Impurities within the reagent gases can give rise to larg
frequencies. In a few cases we reassigned transitions that wgsgorption signals from ions other thag H hese impurity sig-
previously reported. The assessment of previous experimemials are easily identified by their narrower linewidth and know
work and theoretical calculations are part of a comprehensiyansition frequencies. Every strong‘,inne was assigned to
critical evaluation of the spectroscopic work to date which ig predicted transition except for only one case where two ling
reported in the following papef.). (v2 < 0, R(7,6) and 22 < vy, R(5, 2)) were calculated to be
We have labeled the transitions following the guidelines intrelose to one another and we assumed that they overlap to fo
duced recently by McCali25, 26. Accordingly, rovibrational a single observable feature. We were unable to assign six we
transitions of H are denoted by a band symbol (signal-to-noise ratio<4) cation absorption features attributec
. to H} based on their large line width and lack of frequency cor
<~ vy + vé/vlf | [1] respondence to any known impurity ion. It is possible that thes
transitions probe levels above the barrier to linearity where t
calculations are expected to be breakdown, explaining why 1
reasonable match could be found. Until an assignment is ma
however, the identity of the carrier of each of these feature
remains in question.
Most of the new transitions are due to higher rotational stat
(nItI£BI£9L- 1 P QI RY(J”, G’/)iﬂ“i, [3] of hot bands. There are several transitions whose lower sta
are from levels with two quanta of vibrational excitation, al-
where v; and v, signify the number of quanta af; andv, lowing us to probe triply excited states. Overall, 60 transition
vibrational modes (when greater than 1), dnslthe vibrational probed states above 8000 th16 of these between 9000 and
angular momentum (understood to be zero when not present)10000 cnt?, and one above 10,000 cth The potential barrier
the branch symbolP, Q, or Ris chosen forAJ = —1,0, +1 to linearity is calculated to be 9900 cn! above the zero point
type transitions, respectively, directly followed by the lower statnergy 41), and these transitions offer the best experiment:
J and G values. This is preceded by a superscript specifyirtgst yet ofab initio calculations in this computationally difficult
the change in th& = |k — ¢| quantum number, wheaG # 0. region. A detailed comparison of this and all previous exper
For overtone and forbidden bandss can equak-3 (or £1)! mental studies has been performed by Lindsay and McCall a
signified by tand n respectively. For highly mixed stgi®&| > is reported in the following papel 9).
3 are possible and these are labeledy +9, etc. For states  Because this survey encompassed a wide variety of tran
with £ > 0 there are usually two ways of forming the safde tions and was measured on a spectrometer with relatively stal
for different values ok and¢ (for example the] = 2 states in power, we were able to perform for the first time a complet
thev; band;k =0, ¢ = 1 andk = 2, ¢ = 1 both giveG = 1). population analysis of Klover a large number of rotational and
To discriminate one state from the other we associate with eaghrational states. Molecules in electric discharges are not
G-doubled level ati” or an “I” where theu corresponds to the thermal equilibrium but can often be characterized as havir
higher (pper) energy state and thdo thelower state. This Boltzmann distributions within each degree of freedom. Allow
ing for a different distribution between rotational and vibrationa
1 This “rule” is somewhat misleading and deserves more explanation. Thiates, we can write an expression for the absorption intens

signedG, denotedg=k — ¢, carries the selection rulag = 0, £3, £6,...  (for weak absorptions),

due to the parity and nuclear spin selection rules. The confusion begins when

g goes from a positive to a negative value or vice versa. Take for example an e El

overtone transition wherk” = +1, ¢” = 0 andk’ = 0, ¢ = £+2. In this case |exp = A(ZJ + 1) g STt @Fib | [4]
g’ =419 =¥2,G” =1, and G’ = 2. The transitionAg = 3 is clearly

allowed butAG appears to be a misleadingl. Both transitions are properly . . . . Lo
labeled with am: a label oft would denote the transitiog’ = +1 tog’ = +4, Where A is a constant of proportionality, arglis the statisti-
whereAg = +3 andAG = +3. cal weight of the nuclear spin modificationg=£ 4 for | = 3/2,

¢
Vv + vhvy |
or the more compact symbol

Vivyll| < vivg|e”| [2]

and a branch symbol

© 2001 Elsevier Science
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FIG. 3. An example scanfa 5 TorrHe/200 mTorr H discharge. Impurities in the reagent gases give rise to strong absorption signals from ions other

H3+. These signals are easily identified by their narrower linewidth and known transition frequencies.

ortho-H3 andg=2 for | = 1/2, para-H}), andSis the tran-
sition strength. For Kl the states are very mixed ancbhi=

London factors cannot adequately describe the intensity. Instead, a 14 L
Ty =1137 £ 10K

we usedsS from Watson’s calculated linestrengths (the intensi- %
ties in NMT’s calculation were equally good). We also used the
calculated values of the lower state rotational and vibrational

energiesE,,, andE, in Watson’s table. Rewriting expression

E
KT, vib
o
]

es )t
=
|

[4] in terms of E;;; and E}, , we get ~ 5
~ 3 —
=
Iexp > 1 1 —
nf{f————)=IhA- —E ,——FE). [5 6 —
<(2J+1)gs k'I'rOtrOt kTVlb VIb [] IIIIIIIIIIIIIIIIIIIIIIIIIII
0 1000 2000 3000 4000 5000
A least-squares regression of the left side of this equation versus Lower State Rotational Energy (cm™)
Erot and Eip gives us a rotational temperature of 11870 K
and a vibrational temperature of 178910 K. This fit has been b 14
depicted as two separate Boltzmann plots in Fig. 4. . Ty, =1769 £ 10K
It is clear from these diagrams that in our discharge the ro- =|%

—
[

tational and vibrational populations are internally thermalized.
This sharply contradicts the results in Baweetdl. (21) which
observed different rotational temperatures in the groundvand
state as well as a substantial population inversion between the
andv, vibrational states. In their calculations, a total of 10 tran- o 2} 14 v
sitions of lowJ value were used to determine all 4 temperatures. m 2v,y, O GroundState
Furthermore, each was determined by comparing transitions be- | LRI ILALELELE DAL BLELELELE DL B
tween closely spaced levels, some only a couple of hundred 0 1000 2000 3000 4000 5000
wavenumbers apart. Our temperature calculations included hun- Lower State Vibrational Energy (cm™)
dreds of lines scattered across thousands of wavenumbers giviri%G 4 Twoudi _ , , ,

. 4. Two-dimensional representations of (a) rotational and (b) vibra

amuch more reliable determination of th§ HOPUIatlon distri- tional Boltzmann plots. The vibrational and rotational temperatures were dete

bution. It appears that prO_SpeCtS for using &k a laser source, mined simultaneously in a multivariate least-squares fit. It is clear from the:
as suggested by Bawenetial, are poor. plots that H in this discharge is well thermalized within each type of motion.

—_
<

A vitv, O v

IE:X
In(eres )+
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IV. CONCLUSION 16.
17.

The increase in sensitivity of the spectrometer compared to
earlier work in this region allowed us to take advantage of thi&:
very hot discharge, increasing the number high rotational a
vibrational Hj states that have been probed experimentally. This
work substantially expands the list of experimentally measured
rovibrational states to high energy, providing an important toét-
for theorists who use Has a benchmark for rovibrational calcu-
lations for other molecular systems. It appears that we have2t2|—'
nally entered the regime of the barrier to linearity. While thes.
ultimate test ofab initio rovibrational calculations is to excite 24.

.
(e}
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