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Recombination-pumped triatomic hydrogen infrared lasers2
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Mid-infrared laser lines observed in hydrogen/rare gas discharges are assigned to three-body recom-
bination processes involving an electron, a rare gas (He or Ne) atom, and the triatomic hydrogen ion
(H3

+). Calculations of radiative transitions between neutral H3 Rydberg states support this interpre-
tation, and link it to recent results for hydrogenic/rare gas afterglow plasmas. A mechanism for the
population inversion is proposed, and the potential generality and astrophysical implications of such
molecular recombination laser systems are briefly discussed. © 2010 American Institute of Physics.
[doi:10.1063/1.3518366]
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I. INTRODUCTION14

In 2001, Michael et al. reported the laboratory observa-15

tion of extensive mid-IR laser action in water molecules ex-16

cited in a dilute supersonically expanding He/H2O plasma17

(Fig. 1), discovered accidentally while attempting to perform18

IR cavity ringdown absorption spectroscopy measurements1, 2
19

on supersonically cooled ions. From analysis of those data,20

and from similar observations of stimulated emission in the21

terahertz region,3 we suggested that dissociative electron-22

ion recombination processes involving protonated water ions23

[H3O+(H2O)n] were responsible for generating the requisite24

population inversions.4 Interestingly, strong water IR emis-25

sion from several massive star forming regions is observed5–7
26

in this same region of the spectrum, currently modeled in27

terms of high temperature shock excitation, albeit with con-28

siderable uncertainty.29

Subsequently,8 we observed similar laser action at wave-30

lengths near 7 microns in laboratory hydrogen/rare gas su-31

personic plasmas. These experiments and detailed theoreti-32

cal calculations from Wang and Greene9 suggest assignment33

to the metastable H3 Rydberg molecule, generated “from the34

top down” by recombination of the ubiquitous H3
+ molecular35

ion with low-energy electrons. Studies of flowing afterglow36

plasmas by Glosik et al.10 suggest a three-body “collision as-37

sisted recombination” mechanism, rather than a simple two-38

body process because of the high (>1014 cm−3) gas density39

obtaining in the supersonic discharge source.40

The neutral triatomic hydrogen Rydberg molecule (H3)41

has been studied extensively by both experiment and theory42

since Herzberg first discovered its emission spectra in the 80s,43

and assigned the observed lines to transitions between the44

n = 2 and n = 3 Rydberg states.11–14 The ground electronic45

state of this molecule is unbound, but singly excited (Ryd-46

berg) states are metastable, ultimately decaying either radia-47

tively (with lifetime proportional to n3) or by predissociation.48

These states could also autoionize, as an alternative decay49

mechanism, but this is comparatively unlikely for polyatomic50

a)Present address: Department of Electrical Engineering, Universidad de
Chile, Santiago 6513027, Chile.

species and will be neglected in the present exploratory anal- 51

ysis. Higher Rydberg states and ionization potentials of H3 52

were later investigated and characterized.15, 16
53

A crucial property of H3 that has received extensive 54

attention is its role as an intermediate in the dissociative 55

recombination (DR) process, H3
+ + e− → H2 + H or 56

H + H + H. The large discrepancy between DR rates de- 57

termined by experiment and theory has been resolved only re- 58

cently through a combination of improved experimental tech- 59

niques and theoretical advances incorporating the nonadia- 60

batic Jahn–Teller effect (JTE) into the description.16–19 The 61

JTE, which also plays an important role in the photofrag- 62

mentation process,19, 20 is a non-Born–Oppenheimer effect 63

that engenders strong coupling between the electronic, vibra- 64

tional, and rotational degrees of freedom. Hence, H3 is also 65

an important prototype for testing modern theoretical meth- 66

ods describing the complex dynamics of polyatomic Ryd- 67

berg systems, as it is the simplest such molecule. The stud- 68

ies described here provide a novel way to probe H3 and 69

other such Rydberg molecules and their associated dynam- 70

ics, and may thus comprise a useful advance in molecular 71

physics. 72

In this paper, we describe our exploratory studies of 73

these radiative processes involving metastable H3 molecules 74

generated via recombination of H3
+ with electrons in a super- 75

sonically expanding plasma.4, 10 While atomic masers, partic- 76

ularly H-atom masers, generated by electron-ion recombina- 77

tion, are well known and comprise important probes of stellar 78

and interstellar environments,21 molecular analogues of these 79

IR recombination-pumped lasers have apparently not been re- 80

ported before our work.4 81

II. EXPERIMENT 82

The Berkeley spectrometer used to produce and mea- 83

sure IR laser transitions generated in supersonic plasmas is 84

sketched in Fig. 2. Laser emission lines were produced from 85

an ultrahigh finesse optical supercavity containing a superson- 86

ically expanding plasma in the spectral range of 930–4370 87

cm−1, with the majority occurring near 7 μm (1430 cm−1). 88

The supersonic slit expansion generates a weakly ionized 89
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FIG. 1. Stick spectrum of the 38 lasing transitions measured in a dilute
H2O/He supersonically expanding plasma between 1200 and 1550 cm−1.
The strongest lines exhibit a signal to noise ratio > 2000. The inset shows
actual measured spectra between 1440 to 1460 cm−1, made at 10 different
settings of the supercavity length. From Ref. 4.

plasma with neutral gas density expanding as the reciprocal90

of distance from the slit nozzle, such that the pressure in the91

region of observation is in the range of 0.1 to 10 Torr (densi-92

ties of 1015–1017 cm−3). Fifty-seven laser transitions were ob-93

served in both H2–He and H2–Ne gas mixtures. Twenty-nine94

laser transitions in H2–He were also observed in H2O–He or95

H2O–Ne discharges, which is not surprising, as these plasmas96

are known to produce significant amounts of hydrogen.22
97

Our studies4, 5, 8 of similar supersonic plasmas and asso-98

ciated optical processes involving dilute H2O/rare gas mix-99

tures, wherein a set of laser transitions (given in Table I) were100

found to be produced only in such mixtures (i.e., disappeared101

when H2 or O2 was added), indicated a molecular ion rota-102

tional temperature near 100 K and a vibrational temperature103

near 2000 K at the pressures (100 Torr) prevailing in the active104

region of the discharge. It was found that laser intensity was105

highly dependent on partial pressure of H2 in the expanding106

gas mixture, maximizing when the mixing ratio was <1%.107

No lasing was observed when pure H2 gas was used for the108

expansion. This most probably reflects the conversion of the109

FIG. 2. Experiment for measuring the supersonic discharge laser emission.
Laser emission was coupled out of the supercavity formed by a pair of super-
mirrors with > 0.9999 reflectivity at 8.0 μm, contained in a vacuum cham-
ber (not shown) employing the mirrors as windows and evacuated by a high
throughput roots pump system which maintains a chamber pressure near 20
mTorr. A pulsed supersonic discharge was produced by applying a 400–1200
V potential across the supersonic expansion just downstream of the 10 cm
pulsed slit source operating with ca. 1 μs pulses at 40 Hz, as described in
Ref. 4. The supermirror opposite the monochromator (JY TH 1500 with a
300 line/mm grating; spectral resolution of 0.05–0.09 cm−1) was mounted
on a piezoelectric translator, which could be adjusted to modulate the laser
cavity length. The system was calibrated by observing known laser lines of
CO and CO2. Estimated error for all laser frequencies is ± 0.25 cm−1.

dominant H3
+ ion to the H5

+ complex at higher hydrogen 110

concentrations, as characterized by Glosik et al.23
111

To test whether contaminants such as O2 or H2O could 112

be involved in the lasing observed in the H2/He plasma, three 113

experiments were performed. First, O2 was carefully added 114

to the gas line through a needle valve to determine how the 115

presence of O2 affected laser intensity, revealing that it de- 116

creased significantly when O2 was added to the gas mixture. 117

Second, no lasing was observed when the H2 cylinder was 118

closed, indicating that the lasing species was indeed gener- 119

ated from the cylinder gas. Third, in case the cylinder was 120

itself contaminated with traces of condensibles, the gas was 121

flowed through a long (∼8 ft) liquid nitrogen trap. No dif- 122

ference was observed in the lasing intensity with or without 123

the liquid N2 trap, indicating that the lasing species originates 124

from species produced from pure H2 and He or Ne. 125

The IR monochromator was manually scanned and the 126

grating position, as well as the intensity, was recorded man- 127

ually for all emission lines. Once a laser line was found, 128

the piezo voltage was adjusted to modulate the cavity length 129

and the signal maximum across the entire piezo range was 130

recorded. The maximum signal was observed multiple times 131

across the piezo range, which indicated that the cavity length 132

modulation exceeded the emission wavelength. Some laser 133

lines were more sensitive to cavity length than others, and a 134

difference in piezo voltage of ∼10% of the maximum value 135

was sufficient to totally extinguish the most sensitive laser 136

lines. Many laser lines were therefore missed on each scan 137

of the monochromator, so many scans were done at many 138

different piezo voltages to ensure that most laser transitions 139

were detected. Cavity drift over the time required to scan the 140

monochromator hindered reproducible observation of laser 141

transitions. As a result, the list of laser lines measured in these 142

preliminary experiments is certainly incomplete. In addition, 143

the intensity of the laser lines varied between measurements 144

and was extremely dependent on the piezo voltage, discharge 145

voltage, cavity mirror alignment, and gas composition. There- 146

fore, the relative intensities of the lines should not be consid- 147

ered quantitative. 148

A stick spectrum of the measured lines is given in 149

Fig. 3. An expanded view of the 7 μm region illustrates the 150

FIG. 3. Laser emission lines observed for plasmas generated in dilute
hydrogen-containing gas mixtures: (a) H2O seeded into Ne carrier gas, (b)
H2O seeded into He carrier gas, and (c) H2 seeded into He carrier gas.
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TABLE I. Mid-IR laser lines (cm−1) observed in this work and their relative intensities (arbitrary units). The uncertainty of the
measured lines is less than 0.05 cm−1.

H2–RG H2O–He H2O–Ne

Laser line Intensity Laser line Intensity Laser line Intensity
Previously observed

H2O laser linesa

836.1
845.3

929.283 10
943.597 50
985.166 10
994.295 40
1022.02 60
1029.37 25
1032.31 80
1040.07 230

1044.22 80
1045.22

1050.57 130
1052.14 450
1054.63 130

1055.44
1063.75 250

1064.53
1078.22 1000

1082 100
1086.04 300

1091.24 700
1103.27 1250
1163.07 100
1175.8 100

1186.71 500
1216.88 50

1218.47 300
1230.08 400
1230.63 400
1231.59 2000

1231.61 450
1231.69 2400

1241.51 350
1241.99 600
1244.9 1100

1249.37 700
1249.4 120

1249.5 300
1254.13 110

1258.98 50
1262 400

1264.08 200
1266.36 2400

1266.4 500
1266.44 1700
1272.69 300
1275.84 60
1285.93 1000
1287.88 250
1289.43 250

1292
1296.95 250

1297.19
1297.83 1400 1297.83 200
1301.31 650
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TABLE I. Continued

H2–RG H2O–He H2O–Ne

Laser line Intensity Laser line Intensity Laser line Intensity
Previously observed

H2O laser linesa

1301.34 600
1312.26 800

1312.29 2000
1316.38

1317
1317.38 1200

1317.49 500
1326

1332.05 2400
1332.17 2400 1332.17 1500
1332.4 1500

1336.66 1000
1337.94 400
1340.17 150

1340.7
1342
1347

1348.07 2400
1348.09 600

1348.1 2400
1349.14 500

1349.66 200
1349.71 1100

1349.84 700
1349.85 1500

1353
1356.63 2400

1355.95 20
1360.04 25

1367.17 1500
1367.29 2300

1367.32 2400
1367.53 1600

1368.46 500
1368.51 2400

1368.63 2400
1371

1371.18 10
1373

1375.23 100
1375.29 800

1375.35 300
1375.91 60

1385.87 1500
1385.9 2400

1385.96 1600
1386.25 350

1388
1389.72 80

1392.6 40
1396.61 150
1398.69 400

1400.55 80
1401.13 2400

1401.15 2000
1401.29 1400
1401.77 50

1402.6 1200
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TABLE I. Continued

H2–RG H2O–He H2O–Ne

Laser line Intensity Laser line Intensity Laser line Intensity
Previously observed

H2O laser linesa

1403.27 500
1403.42 60

1404 60
1407.2 10

1409.72 2500
1409.74 2400

1409.93 2400
1410

1410.97 1800

1418.84 2300
1418.92 2500

1419.14 2300
1420.93 2100

1421.09 2400
1427.7 1200

1429.78 500
1436.47 600

1437.05 80
1440.4 2500

1440.54 2400
1440.61 2400
1441.32 200

1444.22 500
1444.93 20
1447.71 2100

1447.85 2400
1453.37 2400

1455.05 2500
1455.24 2400

1455.45 2400
1455.97 250

1458.15 20
1458.3 80
1459 8

1462.06 2500
1462.08 2400

1462.32 2400
1469.98 40

1472.73 125
1473.21 600

1473.27 2300
1473.55 2300
1474.19 100
1478.77 20

1485.47 2500
1485.57 2400

1485.75 2400
1486.55 350

1486.66 700
1487.09 1000
1490.76 200

1491.02 1200
1492.3 100

1500.77 400
1500.81 175

1500.81 1000
1501.37 600
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TABLE I. Continued

H2–RG H2O–He H2O–Ne

Laser line Intensity Laser line Intensity Laser line Intensity
Previously observed

H2O laser linesa

1501.92 20
1503.43 400

1503.81 300
1503.85 1500

1521.31 600
1521.86 400

1525.88 300
1526.32 1000

1526.39 1000
1537.44 200
1979.63 20
1983.19 20
2007.56 2400

2007.66 1200
2045.48 20

2096
2629.71 300
2771.29 300
2786.33 1200

2910.04 4
2945.29 1200
3100.05 30
3491.73 1200

3491.73 1200
4367.04 4

4367.04 4
4387.6

aFrom Ref. 26.

high density of laser lines observed in that region (Fig. 4).151

Outside of the indicated region, only two transitions (3491.7152

and 4367.0 cm−1) matched between the H2O–He and H2–He153

spectra. Table I lists the wavenumbers of all observed laser154

lines.155

Wang and Greene9 applied a long-range multipole poten-156

tial model to the d-wave Rydberg states of H3, used previously157

FIG. 4. Expanded view of the 7 μm region, indicating laser emission lines
observed in both H2O–He and H2O–Ne discharges (open diamonds), as well
as lines observed from the both H2 and H2O (He and Ne) mixtures (solid
diamonds). Previously observed H2O lasers from flow-cell discharge mea-
surements are also indicated (open circles).

to characterize the Rydberg states of H2 having high orbital 158

angular momentum.20, 24 This formalism includes the pertur- 159

bation between levels of different n (principal quantum num- 160

ber) and l (angular momentum quantum number) and {N+, 161

K+} (different ionic rotational levels) in a systematic fashion 162

through the formalism of multichannel quantum-defect theory 163

(MQDT). While the d-wave Rydberg states of H3 were com- 164

puted with this long-range model, the p-wave Rydberg states 165

are computed separately, since they are mainly dominated by 166

the short-range interaction between the outer electron and the 167

ion core.19, 20 These p-wave Rydberg states either autoionize 168

or predissociate much more rapidly than do the d-wave Ry- 169

dberg states because of their stronger Jahn–Teller couplings, 170

or through ordinary l-uncoupling, which causes rotational au- 171

toionization and does not rely on the Jahn–Teller effect. The 172

corresponding d-p H3 dipole transitions thereby satisfy one 173

of the “golden rules of astrophysical lasers,” viz. “the life- 174

time of the lower level of a lasing transition should be much 175

shorter than the lifetime of the upper level independent of the 176

excitation mechanism;”25 hence, a population inversion can 177

be created by the recombination process, and mid-IR lasing 178

can occur under proper conditions. Comparison of the mea- 179

sured lasing lines with the theoretical nd to np lines sug- 180

gests that metastable H3 created in the expanding plasma is 181

indeed a likely candidate for the carrier of these lasing tran- 182

sitions. Note, however, that the candidate lasing lines calcu- 183

lated in this study are primarily of the type 4d-4p, whereas 184
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FIG. 5. Comparison of experimental results with calculated nd -> n′p transitions of H3. The experimental laser strength is in arbitrary units with linear scale,
while the present theoretical B-coefficients are in the units of 1022 (m/Js2) on a logarithmic scale. The calculated line positions have a precision of about
13 cm−1.

the ternary recombination mechanism is believed to predom-185

inantly produce much higher Rydberg levels with principal186

quantum numbers in the range n ≈ 40–60 or even higher. This187

view of the process therefore requires a cascade, i.e., a decay188

of these highly excited nf levels to the 4d states, which then189

have a population inversion and are able to lase while decay-190

ing to the 4p levels of H3.191

Because there are no laboratory measurements of the 4d-192

4p transitions that appear to be the most likely candidates for193

the lasing lines reported here, the theoretical model has been194

tested9 against the experimental 3d to 3p transitions of H3 that195

were measured by Herzberg, showing good agreement (the196

rms error for 14 tabulated transitions is below 13 cm−1).11 A197

comparison between the current experiment and our theoret-198

ical calculation is shown in Fig. 5. However, there are a few199

residual experimental lines having no corresponding theoreti-200

cal transition. These may correspond to Rydberg levels of the201

ion core with other {N+, K+}, although we do not have spe-202

cific candidates in mind at this point.203

III. DISCUSSION204

A. Mechanism of observed IR lasing205

The conditions obtaining in the pulsed supersonic slit jet206

plasma (Fig. 2) used to generate the observed IR laser ac-207

tion described here are similar to those employed by Glosik208

et al. in their studies of H3
+ recombination in flowing after-209

glow plasmas.10, 23 The total gas pressure drops from the 1–2210

atmosphere nozzle backing pressure as the reciprocal of dis-211

tance from the 300–400 μm wide exit slit, yielding neutral212

gas densities of 1014–1017 cm−3 in the regions probed. Typi-213

cal fractional ionizations in such plasmas are ∼10−5. Studies214

of the H3O+ ion in similar pulsed slit jet discharges yielded215

number densities near 1010 cm−3 and a rotational tempera-216

ture near 110 K for this ion.3, 4, 27 Glosik et al. measured the 217

temperature-dependent recombination rate of H3
+ with elec- 218

trons in recombination-limited He/Ar/H2 plasmas at He den- 219

sities of 0.5–6 × 1017 cm−3 and temperatures of 77–300 K. 220

They identified three different behaviors of the measured re- 221

combination coefficient with respect to hydrogen content. For 222

[H2] < 1012 cm−3 (or <10−5 of the total gas density), it in- 223

creases with increasing H2 density and the spin states of H3
+

224

are not equilibrated. For 1012 < [H2] < 5 × 1013 cm−3, the 225

rate is independent of H2 density and the ion is in thermal 226

equilibrium. For [H2] > 1013 cm−3, it again increases with 227

increasing hydrogen density due to the conversion of H3
+ to 228

the H5
+ complex,23 which recombines very rapidly, but which 229

apparently does not produce observable laser action in our ex- 230

periments. Analysis of these data indicated that three-body re- 231

combination processes dominated over two-body processes at 232

pressures of a few Torr (1016–1017 cm−3) and temperatures 233

near 300 K, and that this ternary rate maximizes at tempera- 234

tures of 130–170 K. Hence, we can reasonably conclude that 235

the three-body recombination processes also dominate the ion 236

loss in our recombination-limited supersonic plasmas. Glosik 237

et al.10, 23 show that such processes are ca. 100 times faster 238

than that previously described by Bates and Khare,28 and they 239

present a theoretical model for them. In this model, the reso- 240

nant H3
+ + e− complex (i.e., the highly excited (n ≈ 40–60) 241

H3 Rydberg molecule), which efficiently decays back into the 242

ion and electron via rotational autoionization, collides with a 243

He atom during its lifetime, changing the l-state of the com- 244

plex to higher, longer-lived values. In particular, the l = 1(p) 245

electronic states are strongly coupled to the ion core and au- 246

toionize rapidly, whereas l ≥ 2(d) states are much more long- 247

lived. These l-changing collisions of the H3 molecule thus 248

produce the population inversion required for the laser action 249

observed in our experiments. 250
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TABLE II. Possible assignment of laser lines observed in this work. We calculate theoretical laser lines by using models described in Ref. 9. The
experiment lines are chosen from the H2O–He laser lines which are also observed in H2–RG or H2O–Ne experiments. B is the Einstein stimulated
emission coefficient.

Initiala Finalb Theory Expt. Differencec B/1021 Expt.
N+,K+,N,nd K+,N,n′pλ lines (cm−1) (cm−1) (cm−1) (m/Js2) intensity

3,1,3,5d 1,2,5pπ− 1053.41 1054.63 1.22 2.26 130
3,1,1,5d 1,2,5pπ− 1084.27 1082 −2.27 4.24 100

1218.47 300
1,1,1,4d 1,2,4pπ+ 1231.06 1231.59 0.53 0.10 2000
1,1,3,4d 1,2,4pπ+ 1248.76 1249.37 0.61 3.71 700
1,0,1,7d 0,1,6pπ 1256.36 1254.13 −2.23 0.08 110

1266.44 1700
3,1,3,6d 1,3,5pσ 1293.94 1297.83 3.89 961.95 1400
3,1,2,6d 1,3,5pσ 1302.57 1301.31 −1.26 0.44 650
1,0,2,4d 0,2,4pπ 1312.78 1312.26 −0.52 6.28 800
2,1,3,6d 1,2,5pσ 1316.66 1317.49 0.83 16.11 500
1,1,1,6d 1,1,5pσ 1332.07 1332.05 −0.02 3.90 2400
2,2,3,6d 2,2,5pσ 1337.16 1336.66 −0.50 8.22 1000
2,1,3,7d 1,2,6pπ− 1346.83 1348.07 1.24 20.04 2400
2,1,1,7d 1,1,6pπ 1350.49 1349.14 −1.35 2.92 500
2,2,2,4d 2,2,4pπ 1350.74 1349.85 −0.89 8.40 1500
1,0,3,4d 0,2,4pπ 1368.81 1367.29 −1.52 25.12 2300
3,1,4,7d 1,3,6pπ− 1370.69 1368.51 −2.18 2.34 2400
3,1,3,7d 1,3,6pπ− 1371.75 1371.18 −0.57 5.78 10
3,1,2,7d 1,3,6pπ− 1377.14 1375.35 −1.79 0.08 300
2,2,3,4d 2,2,4pπ 1387.33 1385.87 −1.46 9.59 1500
1,1,1,4d 1,1,4pπ 1392.30 1392.6 0.30 8.12 40
1,1,1,4d 1,2,4pπ− 1399.42 1400.55 1.13 0.66 80
1,1,1,4d 1,1,4pπ 1392.30 1401.13 8.83 8.12 2400
1,1,1,4d 1,2,4pπ− 1399.42 1403.42 4.00 0.66 60
1,0,1,4d 0,2,4pπ 1411.91 1407.2 −4.71 0.70 10

1409.74 2400
1,1,3,4d 1,2,4pπ 1417.11 1418.84 1.73 23.93 2300

1421.09 2400
2,1,2,4d 1,2,4pπ+ 1439.63 1440.54 0.91 19.17 2400
1,1,2,4d 1,1,4pπ 1442.93 1444.22 1.29 14.62 500
2,2,0,4d 2,1,4pπ 1445.25 1447.85 2.60 35.43 2400
1,0,2,4d 0,1,4pπ 1457.61 1455.45 −2.16 26.57 2400
2,1,1,4d 1,2,4pπ+ 1469.15 1462.08 −7.07 5.42 2400
2,2,1,4d 2,1,4pπ 1471.77 1472.73 0.96 26.57 125
1,1,1,4d 1,0,4pπ 1475.02 1473.27 −1.75 19.68 2300

aThe initial states, labeled by the quantum number N+,K+,N,nd.
bThe final states, labeled by the quantum number K+,N,n′pλ. An additional + or − denotes the possible Jahn–Teller splitting of two pπ states: + (−) denotes the higher (lower)
energy level.
cThe difference between the theory lines and H2O–He laser lines.

Glosik et al. have shown that in the low H3
+ + e− col-251

lision energy regime, rotational excitation of the vibrational252

ground state of the ion core with {N+, K+} = {1,1} produces253

long-lived Rydberg states most efficiently. Hence, the most254

likely product immediately following collision would be a255

highly excited (n = 40–60) p-wave Rydberg electron attached256

to a {N+, K+} = {2,1} ion core. A subsequent collision of the257

H3 neutral molecule with a rare gas atom changes the Rydberg258

electron angular momentum to a longer-lived, higher value,259

and/or the collision of the He atom with the H3
+ core might260

deexcite the ion core, which would close the rotational au-261

toionization decay route. Radiative cascade can then populate262

the 4d levels that are the primary lasing candidates in transi-263

tions to the 4p states. Hence, in the theoretical calculation, we264

include the transitions from a 4d electron attached to {2,1},265

{1,1}, and {1,0} cores to the n′p energy levels of H3. Other 266

transitions of the type nf → n′d and ng → n′f of H3 have also 267

been checked, but they do not appear to be connected with the 268

present experimental results. 269

B. Astrophysical implications 270

In principle, any radiative process involving hydrogen 271

may well be relevant to astrophysics. In the present case, the 272

ostensible requirement of gas densities above 1014 cm−3 may 273

seem to preclude the relevance of the reported H3 inversion 274

mechanism to astrophysical environments, particularly to in- 275

terstellar molecular clouds. However, it is possible that such 276

stimulated emission could occur in warm regions of high den- 277

sity, e.g., star forming regions, or perhaps even in primordial 278
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(Population III) stars and in the first galaxies, wherein the279

requisite radiative cooling of the accreting hydrogen/helium280

gas is thought to be extremely inefficient due to the absence281

of heavy elements (C,O) which are responsible for the rapid282

cooling obtaining in secondary star formation.29 Intense Ry-283

dberg H3 recombination lasing transitions such as those de-284

scribed herein, but found at large redshifts, of course, could285

then provide a means of detecting primordial stars and galax-286

ies. Moreover, collisional excitation of both the H3
+ ion core287

and the Rydberg d-states could comprise a previously unrec-288

ognized cooling mechanism. Further study is clearly needed289

to explore such questions.290

Finally, we suggest that it would be of interest to search291

for similar recombination-pumped laser transitions in other292

likely astrophysical Rydberg molecules, like NH4 and CH5,293

formed by recombination of the corresponding chemically294

stable molecular ions, which are thought to be abundant in in-295

terstellar clouds). Strong electronic transitions have been pre-296

dicted to occur for several of these Rydberg molecules in the297

visible-near IR regon.31
298
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