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The inspiring developments in physics, chemistry and astronomy of H+3 , which led
to this Royal Society Discussion Meeting, are summarized.
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1. Discovery
H+3 was discovered by J. J. Thomson (1911), who spent most of his research life
on studies of the discharges of electricity through gases. He studied negative (cathode) rays and discovered the electron in 1897; he then studied positive (canal) rays,
extending Wien’s work, and identi ed the proton. When Aston became his assistant
in 1910, an early prototype of a mass spectrometer resulted and H+3 was one of the
earliest species to be discovered by the apparatus. A plate showing the trace of H+3
(Thomson 1912) is shown in  gure 1. While he correctly identi ed in the two papers
the signal as being due to H+3 , he seemed to have had `discoverer’s doubt’ as to its
identity and he refers to it as X3 in both editions of his monographs on the positive ray (Thomson 1913, 1921). In his autobiography (Thomson 1937), however, he
clearly states `one of the  rst things discovered by the photographic method was the
existence of H+3 ’.
The younger generation did not have discoverer’s doubt and readily accepted H+3 .
Dempster (1916) demonstrated the predominance of H+3 over H+2 and H+ in hydrogen
plasmas and correctly explained the production of H+3 as due to a secondary reaction.
Hogness & Lunn (1925) seem to be the  rst to have written down the celebrated ion{
neutral reaction,
H2 + H+2 ! H+3 + H:

(1.1)

A great many papers have been published on this reaction, and readers are referred to
a review (Oka 1983). These works have established the high e¯ ciency of the reaction
due to its high exothermicity (1.7 eV), large cross-section (ca. 100 A̧2 ), and lack of
an activation barrier.

2. Theory
For many years after the discovery, the true nature of H+3 remained a mystery. In a
lucid paper using molecular orbital theory, Coulson (1935) predicted the equilibrium
structure of H+3 to be an equilateral triangle with a bond length of 0.85 A̧, quite
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Figure 1. `On several plates taken when the discharge-tube contains hydrogen, the existence of
a primary line for which m=e = 3 has been detected. There can, I think, be little doubt that this
line is due to H3 ,: : : Above it are lines due to hydrogen atom and molecule. The other lines on
the plates are due to the oxygen atom and to the mercury atom. The existence of this substance
is interesting from a chemical point of view, as it is not possible to reconcile its existence with
the ordinary conceptions about valency, if hydrogen is regarded as always monovalent’ (from
Thomson 1912).

close to the modern value of 0.87 A̧. In spite of the importance Coulson attached
to this work on `the simplest molecule’, his prediction was not accepted by Eyring,
Hirschfelder and others. Coulson himself does not refer to this prescient paper in
his classic book Valence. With the advent of computers, however, his prediction was
con rmed and the stability of the non-classical three-centre, two-electron bond was
established (Christo¬ersen et al. 1964; Conroy 1964). Soon it was evident that H+3
has no stable electronically excited states and its only sharp spectrum would be
the vibration{rotation spectrum in the infrared. Many ab initio theoretical papers
have been published on this spectrum, starting from the classic work by Carney &
Porter (1976). The variational formalism developed by Sutcli¬e & Tennyson (1987)
and applied extensively to H+3 by Miller & Tennyson (1989) based on the ab initio
potential of Meyer et al . (1986) was essential in understanding the laboratory spectra
of hot, overtone and combination bands of H+3 . In the last decade, the accuracy of
the theoretical calculation has increased so much that the small corrections due to
adiabatic and relativistic e¬ects have become important (Dinelli et al. 1997; Jaquet
et al . 1998). J. K. G. Watson discusses the theory of vibration{rotation interactions
in H+3 and recent developments in the  eld in this issue.

3. Interstellar H +
3
In the 1930s and 1940s the predominance of hydrogen and the presence of diatomic
molecules in interstellar space were established. Martin et al. (1961) advocated the
high e¯ ciency of reaction (1.1) in producing H+3 `to the virtual exclusion of H+2 ’, and
pointed out the possibility of detecting H+3 in interstellar space. Herzberg (1967)
considered likewise and stressed that `the possibility of detecting H+3 in interstellar
space depends on the discovery of a spectrum of this molecule in the laboratory’.
The science of H+3 gained a new dimension when Herbst & Klemperer (1973) and
W. D. Watson (1973) published their seminal papers on molecule formation based
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on cosmic-ray driven ion{neutral reactions. In this scheme, H+3 acts as the universal
protonator through the proton hop reactions
H+3 + X ! HX+ + H2 ;

(3.1)

which initiate a myriad of chain reactions. Their theory has given a great stimulus
to studies of ion{molecule reactions and ion spectroscopy. Recent advances in this
 eld and the major role H+3 plays in the scheme are discussed by Herbst in this
issue. When X = HD in the above equation, the reaction is slightly exothermic due
to the imbalance in the zero point vibrations. This small exothermicity leads to a
large deuterium fractionation because of the extremely low temperature of molecular
clouds (Watson 1976). Recent advances in this  eld are discussed by Millar et al .
in this issue. While the production of interstellar H+3 is e¬ected through cosmic-ray
ionization of H2 into H+2 followed by reaction (1.1), the destruction may be due to
either the proton hop reaction (3.1) (with X = CO and O) or electron recombination, depending on the number density of the medium. This bimodal nature of the
destruction mechanism can lead to a bistability of interstellar chemistry, as discussed
by Pineau des For^ets & Roue¬ in this issue.

4. Dissociative recombination
The Langevin rates of reactions (1.1) and (3.1) are well established, but the rate of
the electron recombination of H+3 is not su¯ ciently understood. Since the earliest
measurement of Leu et al. (1973), the experimental value of the rate constant has
®uctuated by more than four orders of magnitude. Since the work by Amano (1988),
the values determined by several methods seem to be converging to ca. 107 cm3 s¡ 1 ,
but there are still controversies. Recent experimental results are summarized by
Larsson in this issue. Since laboratory experiment cannot be conducted in the same
low-density and  eld-free conditions of interstellar space, it is highly desirable that
we have a theoretical understanding of electron recombination to back up the experimental results. The discussion in this issue by Orel et al. illustrates the large discrepancy between theory and experiment, which has persisted for several years. The
understanding of this process is of primary importance in the astrophysics of H+3 and
molecular formation. Herein lies an opportunity for theoretical atomic or molecular
physics to make a decisive contribution to astrophysics, just as in the case of the
opacity of the Sun and H¡ (Chandrasekhar & Breen 1946), the isoelectronic sibling
of H+3 .

5. Spectroscopy
In spite of the simplicity of H+3 , its spectrum de ed detection for many years since
the initial attempt by Thomson (1913). During the 1920s and 1930s, several papers
claimed its detection but they were later shown to be due to H2 Rydberg states. The
detection of H+3 had to await the age of laser spectroscopy (Oka 1980). The observed
infrared spectrum of the ¸ 2 fundamental band is shown in  gure 2. The spectrum
was analysed by J. K. G. Watson using the traditional perturbation treatment of the
vibration{rotation interaction (Watson 1984). Since then the spectroscopy of H+3 has
been greatly extended to hot bands, overtone and combination bands, and forbidden
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Figure 2. The spectral pattern for the ¸ 2 band of H3 calculated by Watson for the rotational
temperature of 200 K. Observed transitions are marked with asterisks (Oka 1980).

transitions, as discussed by McCall in this issue. Using a very sensitive method of ionbeam predissociation spectroscopy, Carrington et al . (1982) observed an extremely
rich spectrum of H+3 near the dissociation limit, which is yet to be assigned. Recent
progress in the experiment and the theory of this spectrum is discussed by Kemp et
al . and Tennyson et al ., respectively, in this issue.

6. H +
3 emission in planets
A search for interstellar H+3 was attempted (Oka 1981) immediately after the discovery of the laboratory spectrum, but its detection had to wait 15 more years. The
 rst non-terrestrial spectrum of H+3 came with the serendipitous discovery of the
strong overtone emission from the auroral regions of Jupiter (Trafton et al. 1989;
Drossart et al . 1989), which was assigned to H+3 by J. K. G. Watson (see Oka (1992)
for more detail). The remarkably strong and pure emission of the H+3 fundamental
band (Maillard et al. 1990) is shown in  gure 3. This background-free spectrum
has allowed planetary scientists to study the morphology and temporal variation of
plasma activities in the jovian ionospheres by simply taking images of Jupiter with
infrared cameras equipped with a proper  lter. The great progress of planetary science made possible by the H+3 spectrum is discussed by Connerney & Satoh in this
issue. Miller et al . speculate (this issue) that not only is H+3 a powerful probe but
that it also plays a major role in the dynamics of the jovian ionosphere and magnetosphere. The H+3 emission has also been observed in Uranus and Saturn and used to
study their planetary ionospheres. In the future they may even be observable from
giant extra-solar planets, such as those orbiting Tau Bootes.
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Figure 3. The intense and pure H3 emission spectrum recorded on the southern hemisphere of
Jupiter at 60¯ latitude and mean longitude 40¯ (Maillard et al . 1990).

7. H +
3 absorption in interstellar space
In the meantime, searches for interstellar H+3 continued with negative, inconclusive
or false results published by several groups. It was clear that H+3 was the most
important molecular species yet to be detected. A possible detection of H+3 emission
in supernova SN1987A was reported (Miller et al . 1992). In 1996, the improvement
in the sensitivity and operation of the astronomical infrared spectrometer through
the use of array detectors  nally led to the detection of H+3 absorption in molecular
clouds (Geballe & Oka 1996). The observed H+3 column densities agreed approximately with theoretical expectation, and these observations provided the most direct
evidence supporting the cosmic-ray driven ion{neutral reaction scheme for the chemistry of molecular clouds. Subsequently, H+3 has also been discovered in the di¬use
interstellar medium (McCall et al . 1998) with similar column densities as in molecular clouds. This is currently a mystery, since the large relative abundance of electrons in the di¬use interstellar medium makes the expected H+3 number density
very low because of the large recombination rate. Geballe discusses the observed
results and analyses in this issue. Black presents the view that the `di¬use’ environment in which H+3 is detected may not be a representative one and also discusses
some further topics on interstellar H+3 . The solution of the enigma of H+3 in the
di¬use interstellar medium requires the participation of astronomers, physicists and
chemists in many  elds, which makes this discussion meeting particularly inspiring
and timely.
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References
Amano, T. 1988 Is the dissociative recombination of H3+ really slow? A new spectroscopic measurement of the rate constant. Astrophys. J. 329, L121{L124.
Carney, G. D. & Porter, R. N. 1976 H3+ : ab initio calculation of the vibrational spectrum. J.
Chem. Phys. 65, 3547{3565.
Carrington, A., Buttenshaw, J. & Kennedy, R. 1982 Observation of the infrared spectrum of
H3+ at its dissociation limit. Mol. Phys. 45, 753{758.
Chandrasekhar, S. & Breen, F. H. 1946 On the continuous absorption coe± cient of the negative
hydrogen ion III. Astrophys. J. 104, 430{445.
Christo® ersen, R. E., Hagstrom, S. & Prosser, F. 1964 H3+ ion. Its structure and energy. J.
Chem. Phys. 40, 236{237.
Conroy, H. 1964 Potential energy surface for the H3+ molecule-ion. J. Chem. Phys. 40, 603{604.
Coulson, C. A. 1935 The electronic structure of H3+ . Proc. Camb. Phil. Soc. 31, 244{259.
Dempster, A. J. 1916 The ionization and dissociation of hydrogen molecules and the formation
of H3 . Phil. Mag. 31, 438{443.
Dinelli, B. M., Neale, L., Polyansky, O. L. & Tennyson, J. 1997 New assignments for the infrared
spectrum of H3+ . J. Mol. Spectrosc. 181, 142{150.
Drossart, P. (and 11 others) 1989 Detection of H3+ on Jupiter. Nature 340, 539{541.
Geballe, T. R. & Oka, T. 1996 Detection of H3+ in interstellar space. Nature 384, 334{335.
Herbst, E. & Klemperer, W. 1973 The formation and depletion of molecules in dense interstellar
clouds. Astrophys. J. 185, 505{533.
Herzberg, G. 1967 The spectra of hydrogen and their role in the development of our understanding of the structure of matter and of the Universe. Trans. R. Soc. Can. V.IV, 3{36.
Hogness, T. R. & Lunn, E. G. 1925 The ionization of hydrogen by electron impact as interpreted
by positive ray analysis. Phys. Rev. 26, 44{55.
Jaquet, R., Cencek, W., Kutzelnigg, W. & Rychlewski, J. 1998 Sub-micro-Hartree accuracy
potential energy surface for H3+ including adiabatic and relativistic e® ects. II. Rovibrational
analysis for H3+ and D3+ . J. Chem. Phys. 108, 2837{2846.
Leu, M. T., Biondi, M. A. & Johnsen, R. 1973 Measurements of recombination of electrons with
H3+ and H5+ ions. Phys. Rev. A 8, 413{419.
McCall, B. J., Geballe, T. R., Hinkle, K. H. & Oka, T. 1998 Detection of H3+ in the di® use
interstellar medium toward Cygnus OB2 no. 12. Science 279, 1910{1913.
Maillard, J.-P., Drossart, P., Watson, J. K. G., Kim, S. J. & Caldwell, J. 1990 H3+ fundamental
band in Jupiter’ s auroral zones at high resolution from 2400 to 2900 inverse centimeters.
Astrophys. J. 363, L37{L41.
Martin, D. W., McDaniel, E. W. & Meeks, M. L. 1961 On the possible occurrence of H3+ in
interstellar space. Astrophys. J. 134, 1012{1013.
Meyer, W., Botschwina, P. & Burton, P. 1986 Ab initio calculation of near-equilibrium potential
and multipole moment surfaces and vibrational frequencies of H3+ and its isotopomers. J.
Chem. Phys. 84, 891{900.
Miller, S. & Tennyson, J. 1989 Hot band transition frequencies and line strengths in H3+ : ¯rst
principles calculations. J. Mol. Spectrosc. 136, 223{240.
Miller, S., Tennyson, J., Lepp, S. & Dalgarno, A. 1992 Identi¯cation of features due to H3+ in
the infrared spectrum of supernova SN1987A. Nature 355, 420{421.
Oka, T. 1980 Observation of the infrared spectrum of H3+ . Phys. Rev. Lett. 45, 531{534.
Phil. Trans. R. Soc. Lond. A (2000)

Introductory remarks

2369

Oka, T. 1981 A search for interstellar H3+ . Phil. Trans. R. Soc. Lond. A 303, 543{549.
Oka, T. 1983 The H3+ ion. In Molecular ions: spectroscopy, structure and chemistry (ed. T. A.
Miller & V. E. Bondybey), pp. 73{90. Amsterdam: North Holland.
Oka, T. 1992 The infrared spectrum of H3+ in laboratory and space plasmas. Rev. Mod. Phys.
64, 1141{1149.
Sutcli® e, B. T. & Tennyson, J. 1987 Variational methods for the calculation of rovibrational
energy levels of small molecules. J. Chem. Soc. Faraday Trans. 83, 1663{1674.
Thomson, J. J. 1911 Rays of positive electricity. Phil. Mag. 21, 225{249.
Thomson, J. J. 1912 Further experiments on positive rays. Phil. Mag. 24, 209{253.
Thomson, J. J. 1913 Rays of positive electricity and their application to chemical analyses, 1st
edn. London: Longmans, Green and Co.
Thomson, J. J. 1921 Rays of positive electricity and their application to chemical analyses, 2nd
edn. London: Longmans, Green and Co.
Thomson, J. J. 1937 Recollections and re° ections. New York: Macmillan.
Trafton, L., Lester, D. F. & Thompson, K. L. 1989 Unidenti¯ed emission lines in Jupiter’ s
northern and southern 2 micron aurorae. Astrophys. J. 343, L73{L76.
Watson, W. D. 1973 The rate of formation of interstellar molecules by ion{molecule reactions.
Astrophys. J. 183, L17{L20.
Watson, W. D. 1976 Interstellar molecule reactions. Rev. Mod. Phys. 48, 513{552.
Watson, J. K. G. 1984 Higher-order vibration{rotation energies of the X3 molecule. J. Mol.
Spectrosc. 103, 350{363.

Phil. Trans. R. Soc. Lond. A (2000)

