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ABSTRACT

The emission spectrum of neutral diatomic hydrogen has been recorded at Doppler
width limited resolution by Fourier transform spectroscopy in the spectral range 1800 —
22500 cm’'. Rotational analysis of the triplet systems involving the electronic states
¢’I,, a’%;, ’%;, and the 3s,d complex has been carried out in order to determine

precise rovibronic energies (with v = 0 to 3) of the 3s,d complex. This new observation

agrees with the earlier calculations [3,4,5] within a few cm™ and corrects incorrect

“observed” level energies published for v=2 and 3, A (35)32; in [1,2] and [2] by about

50 and 90 cm™ respectively.

Keywords: Hy; 3s,d complex; observed vibronic energies; emission FT spectrum
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1 INTRODUCTION

The neutral diatomic hydrogen is the simplest molecule after H, and the most abundant

molecular species in the Universe. Since the beginning of the molecular spectroscopy, it
has been the subject of numerous theoretical and experimental studies. Because of the
considerable interest of this molecule, Crosswhite edited the well-known hydrogen
molecule wavelength tables of G. H. Dieke [1]. Despite the extensive and
comprehensive work carried out on this spectrum, a rather large number of lines of
significant intensity remain unassigned. This emission spectrum was recorded in the
visible and near infrared region by means of photographic plate spectrographs and
scanning monochromators respectively. Nowadays, we can record the emission
spectrum by using Fourier Transform (FT) spectrometers in the two spectral ranges,
hopefully with a better frequency calibration and an improved sensitivity in the near
infrared and infrared domains. In the visible region, we notice, as expected, a clear
correspondence between the frequencies and the intensities of the Dieke tables and
those of a FT spectrum. However, the similarity between the two spectra is surprisingly
not so clear in the near infrared, as shown in figure 1. Because of the importance of
diatomic hydrogen, we have decided to try to reduce the number of unassigned lines by
analysing in detail a new high resolution emission spectrum that we have recorded by
FT spectroscopy and covering the wide spectral range 1800 - 22500 cm™. The emission
spectrum is composed of singlet and triplet systems which have been analysed by
several authors and the level energy structure have been understood with different types
of theoretical approaches. The agreement between the observations and the calculations

resulting from them is generally satisfactory, of the order of a few cm’, with the
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exception of some levels of the triplet 3s, 3d complex. This complex is composed of

four close lying components, namely the h(35)°%, ¢ (3d)’S;, i(3d)'Il,, and
j(3d)A . states. Their rovibronic structure have been analysed from emission spectra

by Dieke [1] and Alikacem and Larzilliere [2]. Nonadiabatic calculations have been
performed on the 3s5,3d complex by Schins et al. [3] who fitted the coupling functions to
experimental data. Ross and Jungen [4] applied multichannel quantum-defect theory
(MQDT) to calculate singlet and triplet gerade n = 2 and 3 rovibronic energies using
quantum defect functions extracted from ab initio potential energy functions available in
the literature. More recently, Pazyuk et al. revisited the f~symmetry components of the
3s, 3d complex with non adiabatic calculations using coupling and other functions
derived from a modified MQDT approach [5]. A strong disagreement of the order of 50

and 90 cm™ occurs for all the observed rotational levels of v = 2 (reported in [1,2]) and

v = 3 (reported in [2]) of h (3s)322 respectively, between the observed and the

calculated level energies [3, 4, 5]. The authors of [3, 4, 5] have deduced that all the

levels of v =2 and 3 of & (3s)’ Z; have been misassigned in [1,2] and [2] respectively.

The main goal of this paper is to clarify this point of disagreement between the

published observations [1,2] and the calculated rovibronic level energies in v = 2 and 3

of h (3s)32;. We aim also that our analysis will improve the accuracy of all the

observed level energies of the 3s,d complex previously reported in the literature.

‘[Insert Figl about here]’

2 EXPERIMENTAL
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Excited diatomic H, was produced by flowing hydrogen through a microwave
discharge. The emission chamber was a quartz tube (diameter:1 cm, length: 25 cm). The
pressure and the flow rate of hydrogen together with the power of microwave power
supply were adjusted in order to obtain maximum intensity of molecular hydrogen and
minimum emission of atomic lines. With our set-up, the experimental parameters were
about 5 mbar by using a 20 m*/h mechanical vacuum pumping and a 70 W microwave
power. The light of the discharge was focussed onto the entrance iris of a FT
spectrometer (Bruker IFS 120). The emission spectrum was recorded from 1800 to
22500 cm’ by using appropriate optical filters and detectors which were a liquid
nitrogen cooled InSb photodiode (1800 - 6500 cm™, equipped with a cold short
wavelength pass interference filter for the range 3300 - 6500 cm™), a liquid nitrogen
cooled InGaAs photodiode (6500 - 9000 cm'l), an avalanche silicon photodiode (9000 -
17000 cm™) and a photomultiplier (17000 - 22500 cm™). The spectrum was recorded at
Doppler width limited resolution which varied from about 0.02 cm™ (infrared) to 0.2
cm! (violet). When necessary, several measurements were made and co-added for some
spectral ranges in order to increase the signal-to-noise ratio up to a satisfactory level.
Traces of CO and Ar, for which the line frequencies are reported in [6] and [7]

respectively, were added to the hydrogen flow for calibration purposes.

3 OBSERVED TRANSITIONS

The electronic transitions analysed in this work are illustrated in figure 2. The four

electronic states which form the 3s,d complex allow visible transitions with the lowest
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c 3HZ state. Four other transitions, namely i - ¢, g - ¢, h - e and e - a, occur in the near
infrared, while the lines of a — ¢ are observed in the infrared region.
‘[insert Fig. 2 about here]’

Thea3Z; — ¢TI, transition has been studied by Dabrowski and Herzberg [8].

The component ¢’IT" of the c state is strongly predissociated by the repulsive b’

state which correlates with the two hydrogen atoms in their ground state. This
predissociation can cause an inverted population in an electric discharge in hydrogen
and can generate infrared laser emission as first observed by McKnight and Barr [9, 10].
As a consequence of this predissociation, only the transitions involving ¢’IT, can be
observed in our emission spectrum. The a - ¢ bands show P, Q and R branches while the
¢ - a bands exhibit only one Q branch. Moreover, the spin-orbit interaction weakly
predissociates the levels of ¢’IT, and has the effect of increasing the width of the P and
R lines in the emission a - c. Figure 3a shows a region where the Q branch of 1- 0, a - ¢
is observed together with P (2) of 4 — 2, 3 — 4, and 7 — 6. The width of the P and R lines
increases as the vibrational number v rises. This behaviour is represented on Figure 3b
for the P (2) lines. The Q lines are composed of two components, splitted by about 0.15
cm’, as can be seen on figure 3a. This splitting results from the fine structure of the
rotational levels of ¢’IT, which has been observed directly in para and orthohydrogen
by Lichten and co-workers [11, 12] using a magnetic resonance technique. It can be
deduced from [11] that the weaker components observed in the Q doublet lines involve
the F, spin component of their lower rotational level while the stronger component is
actually composed of two overlapped lines involving the F; and F3 spin components of

their lower levels. In the spectral range that we have recorded, we observe the sequence
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Page 6 of 18



Page 7 of 18

©CoO~NOUTA,WNPE

Molecular Physics

Av = +1 of a — ¢ from v’ = 1 to v’ = 7. The system ¢’II; —a’%; , exhibiting Q

branches only, is also observed through its sequences Av = +1, +2 and +3 with v’ .= 2,

4 and 4 respectively.

The system e’X’ — a3Z; is relatively intense and occurs in the near infrared

region. The bands, composed of P and R lines which do not show any fine structure
splitting, belong to the sequences Av = 0, +1 and +2. In this system, the vibrational

levels of e and a are observed from O to 5.

The h(35)°%;, g (3d)°Z), i(3d)’I, , and j(3d)’A, states form the so-

g 9
called 3s, d3Ag complex. The electronic energies of these four states cover a range

smaller than 800 cm™. This situation causes the breakdown of the Born-Oppenheimer

approximation and the L-uncoupling effect. The 31'[g and 3Ag states are each composed

of two half-states *TI; and’IT_, and °A’, and A, respectively. The states of same
parity interact and give a complicated energy structure. Calculations of different

approach [3, 4, 5, 13] have been carried out on the 3s, dSAg complex for each parity,
taking into account the A-doubling. They agree with the observations, excepted, as
already mentioned, for v=2 and 3 of A (3s)’ Z; . The levels of v=0, 1, 2, and 3 of 4, g,
i, and j have transitions with ¢ 3 I1,. The transitions & — ¢ and g — ¢, do not show broad P
and R lines, nor do they have doublet Q lines, as in the a — ¢ transition (see Figure 3a),
because the Doppler width of their components (about 0.2 cm™ in the visible region) is
larger than their splitting. However, the Q lines exhibit a slight asymmetric profile

degraded, as expected, towards the low frequencies and resulting from the fine structure

of the ¢ state. The same asymmetric profile is also observed in the Q lines of i’ IT; -

¢’TT, and j°A’ - ¢’IT, and in the P and R lines emitted from i *IT;and j °A, since
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they involve the same group of lower rotational levels of ¢’IT . This distinctive feature

has been used for line identification during the course of the analysis of the visible
spectrum.
‘[insert Fig 3 about here]’

4 DETERMINATION OF THE OBSERVED LEVEL ENERGIES

The determination of the level energies has been carried out by using the observed
combination differences. The energy origins for triplet para and orthohydrogen has been
taken to their values determined in [14], that is 95076.298 cm™! and 95142.982 cm™! for
N=0and 1, a’ Z,, v =0 respectively. The rovibronic energies have been determined
by adding and subtracting the weighted arithmetic means of the observed combination
differences to previous energies obtained by the same way. This process started from
the energies of N = 0 and 1 of a3Z;, v = 0. In this way we have been able to build a
precise set of observed rovibronic energies for the levels involved in this analysis. Line
frequencies of the analysed bands are available on request from the authors. The level
energies of the 3s,d complex are reported in table 1. The relative precision of the
energies varies for each level. However, we believe that the averaged relative precision
is better than 0.01 cm.

‘[insert Table 1 about here]’

S DISCUSSION

The three columns “o — ¢” of table I show the differences between the observed energies

resulting from the analysis of this work and the calculated energies of [3], [4] and [5]
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obtained with different calculation approaches. It can be seen that there is a good

agreement between our observations and the calculations, in particular for the observed

rovibronic energies of v=2 and 3 of & (3s)322 which show respectively “o — ¢” ’s of

about - 50 cm™ and - 90 cm™ in [3,4,5]. The strongest discrepancy (+ 16.2 cm™) occurs

for the level N =5 of v =2, h (3s)’ Z; with the calculated energies of [4] resulting from

ab initio MQDT calculations. However, the “o0 — ¢” ’s are smaller for the levels of v =

3, h (3s)3Z; , thus demonstrating the high quality of the MQDT calculations reported in
[4]. We have determined the levels of v =2 and 3 of & (3s)3Z; by analysing the bands
2-1,2-2,2-3,and 3-2,3 -3 and 3 - 4 of the system h 32; - e3ZZ . This system

occurs in the near infrared region. The narrower line Doppler width, compared to the

+

visible one, the precise rovibronic energies of the e3Zu state, that we determine from

the near infrared transition e 32; -a’ Z; , and the rotational analysis carried out on six

bands guaranty a correct determination of the level energies of v = 2 and 3 of

h (3s)3Z; . Our assignment work has been highly facilitated by the previous analysis of

Dieke [1], Alikacem and Larzilliere [2], and of Jungen e al. [14], and also by the
calculations [3, 4, 5] used in columns “o0 — ¢” of table 1. We succeeded in the analysis of
h, v =2 and 3 thanks to the relatively strong spectrum intensity, in our experimental
condition, of the near infrared transition /4 - e. Unfortunately, the published calculations
[3, 4, 5] concern only the four first vibrational levels of the complex and do not give any
help in the search of new assignments of v = 4 levels. However, de Bruijn and Helm
[15] measured dissociative decay times of n =3 levels of H, by using fast neutral-beam

photofragment spectroscopy. They have been able to observe new transitions from the
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metastable ¢’T1; state to dissociative triplet gerade levels of the 3 s,d complex. They

tentatively assigned a signal observed at 16802 cm™ (table I of [15]) to the transitions
Q(1) and Q(3) of the band 3 - 3, & - ¢. Our analysis does not agree with their tentative
assignments since these transitions are present in our spectrum at 16824.73 and
16822.55 cm’™ respectively. They also determined Q(1) and Q(3) of the band 4 - 4 of the
same electronic transition to be at 16729 and 16731 cm™ respectively. We have not

seen any line supporting these assignments in the visible transition &2 — ¢ of our

spectrum, nor in the more intense near infrared system A 32; - Y’ where the search

of the band 4 - 4 remained unsuccessful during our analysis work. We believe that this
lack of intensity is due to the predissociation of 4. We have tried to assign some
transitions involving v = 4 of the i and j states by using the measurements reported in

[15]. So far, our attempts have also been unsuccessful.

6 CONCLUSION

We have drawn up a set of precise rovibronic energies for the four first vibrational
levels of the triplet 3s,d complex of hydrogen. This has been performed by analysing a
high signal-to-noise ratio emission FT spectrum of H, recorded at Doppler limited
resolution in the spectral range 1800 - 22500 cm™. The high precision of near infrared
and infrared transition frequencies have strongly contributed to high accuracy in the
determination of the rovibronic energies. The analysis has been much made easier
thanks to the impressive work of Dieke [1] and to the precise calculations of Shins et al.

[3], Ross and Jungen [4], and Pazyuk et al. [5]. We have corrected the wrong

assignments given in the literature [1, 2] for v =2 and 3 of & 32; . Our new observed
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values agree with the previously calculated ones [3, 4, 5]. We hope that our new set of

data will be useful in future theoretical calculations.
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1

2

3

4

g TABLE 1: Comparison of the observed and calculated energy levels of ref [3,4,5] for the hydrogen n=3 triplet gerade

7 complex; all the energies are given in cm™ relative to the J=0, v=0 level of the X ‘Z; ground state

8

9 0-C 0-C 0-C 0-C 0-C 0-C

10 VN Observed  pofs)  Refid) Refd) | VN Observed  pifs)  Refd)  Ref(3)

11

ig g% h’E;

12' 00  111783.17 0.34 72 012 00 11193255 0.57 6.2  -2.19

e 01  111796.45 -0.56 48 047 01 111948.14 0.96 20  -0.20
02  111826.48 0.61 26  -047 02  112049.97 1.02 0.8  +0.38

17 03  111896.62 0.57 1.6 -0.18 03 112223.27 1.02 21  +0.53

18 04  112017.20 0.57 1.1 04  112458.17 1.00 238

19 05  112190.74 -0.57 -0.9 04  112750.49 0.99

20 06  112417.14 -0.59 06  113097.20

2 07 11269526 -0.59 07 11349547

23 10 113883.11 223 87 009 10 114179.27 0.28 83  -0.00

24 11 113883.65 -1.76 57 -0.03 11 114197.96 -1.44 73 +0.44

25 12 113910.93 1.43 35 020 12 114312.07 -1.87 94  +0.30

26 13 11398034 1.22 22 2036 13 114482.27 208 -10.6  +0.07

27 14 114097.39 113 15 14 114707.01 228  -11.7

28 15 114263.79 1.07 -1.0 15 114984.45 250  -12.9

29 16  114481.95 +1.43 16  115312.20 2.82

32 17 114743.40 -1.16 17 115687.50 3.23

32 20  115785.01 -3.57 64  -0.29 20  116333.49 -0.65 +6.5  +2.38

33 21 115794.44 -3.15 49 024 21 116389.89 024 479 4255

34 22 115829.39 2.67 34 -0.19 22 116501.86 050 +102  +2.89

35 23 115901.96 2.8 23 -0.16 23 116667.64 143 +129  +3.38

36 24 116017.47 2.18 -1.7 24 116884.61 227  +15.1

37 25  116178.50 -1.83 1.0 25 117150.16 290  +16.2

38 26  117462.08

39

40 30  117508.48 5.67 0.12 30  118368.04 0.91 +49 4847

41 31 117527.20 -5.00 0.43 31 118419.96 +5.1  +8.61

42 32 117571.50 -4.49 0.80 32 118523.25 +55  +8.88

43 33 117649.44 -4.01 1.15 33 118676.92 +59 4928

44 34 117765.88 -3.63 34 118879.48

45 35 117923.34 3.31 35 119129.12

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60
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0C 0C ocC 0C 0C ocC
VN Observed  por5) Refd) Ref3) | YN Observed  pogs)  Refd) Ref(3)
i°T; i1,

01 11215359  -007  +08  -0.68 01  112066.57 41 -114
02 11231088  -029  +08 -146 | 02  112140.80 13 +0.73
03  112503.66  -045  +04  -1.93 03 112264.86 15 +0.50
04 11274112 038  +0.6 04 11244172 18
05 113027.03 057  +0.5 05 11267173 2.0

06  112953.92
11 11426905 +0.80 +11.6  -0.11 11 11417927 08 048
12 11441934  +0.86 +11.1  -0.15 12 114258.96 11 +0.20
13 11461435  +1.16  +107 0.2 13 114384.32 13 +0.18
14 11485022 +0.96  +10.1 14 114557.64 1.6
1S 11512912 +1.11  +10.4 15 114779.59 18
16 115451.84  +1.38
21 116182.08  -1.88 34 009 | 21  116145.66 06 +025
22 11631926 298 75  -0.68 22 116227.87 08  +0.24
23 11650415 410  -117  -143 23 11635334 10 +0.20
24 116731.80 482  -14.9 24 116523.29 11
25 116999.64 588  -17.3 25 116738.09 14
26 11730770 -6.05
31 11798353 237 021 31 11795881 +0.48
32 11810680  -3.09 0.15 32 118041.02 +0.43
33 11827876 -3.80 2020 33 118164.87 +0.34
34

JA, J’A,

02 11252955 044  -12  -051 02 112513.90 15 -050
03 11277937 035 0.5  -0.68 03 11273219 11 -045
04 11309436  +120  +14 04  113007.53 0.9
05 11346056 024  +04 05 11333622 0.6

06  113714.92
12 11471199 001  -0.8  -0.19 12 114706.70 09 -039
13 11492457  -005  -01  -0.13 13 11490428 09  -0.73
14 11520097  -012  +0.5 14 11515826 02
1S 11553331 -0.15  +12 15 115462.97 04
22 116777.88  +1.65 03 +024 | 22 116776.12 03 +024
23 116962.08  +130  +0.1  +0.04 | 23 11695474 02 000
24 11720378 +0.89  +0.7 24 117186.32 02
25 11749859 4056  +1.3 25 117467.08
32 118725.57 050 32 118725.08 047
33 118885.54 0.82 33 118885.19 20.90
34 119099.93 34 119094.02

35 119348.13
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