
VOLUME $4, NUMBER 26 PHYSICAL REVIEW LETTERS 30 JvNE 1975

agement and to the Deutsche Forschungsgemein-
schaft for financial support. J. %. thanks Pro-
fessor C. B. Moore for valuable discussions in
his laboratory and for making Ref. 9 available
prior to publication.

J. C. Polanyi, Accounts Chem. Res. 5, 161 (1972).
J.V. V. Kasper and G. C. Pimentel, Phys. Rev. Lett.

14, S52 (1965).
K. L. Kompa, Top. Curr. Chem. 87, 1 (1973).
C. B.Moore and P. F. Zittel, Science 182, 541

(1973).
~J. R. Airey, IREE J. truant. Electron. 2, 208 (1967).
6M. A. A. Clyne, I. A. Cozon, and A. R. Woon-Fat,

Faraday Discuss. Chem. Soc. 53, 82 (1972).
D. Arnoldi and J. Wolfrum, Chem. Phys. Lett. 24,

284 (1974).

F. J. Wodarczyk and C. B.Moore, Chem. Phys. Lett.
26, 484 (1974); K. Bergmann and C. B. Moore, to be
published.

9S. H. Leone, R. G. Macdonald, and C. B. Moore, to
be published.

R. J. Donovan and D. Husain, Trans. Faraday Soc.
62, 2648 (1966); S. R. Leone and F. J. Wodarczyk, J.
Chem. Phys. 60, 314 (1974).

~~B. M. Hopkins and H. L. Chen, J. Chem. Phys. 57,
3816 (1972); I. Burak, Y. Noter, A. U. Roun, and
A. Szoke, Chem. Phys. Lett. 17, 345 (1972).

~2D. Arnoldi and J. Wolfrum, to be published.
M. A. A. Clyne and H. W. Cruse, J. Chem. Soc.,

Faraday Trans. II 68, 1277 (1972).
4D. J. Douglas, J. C. Polanyi, and J. J. Sloan, J.

Chem. Phys. 59, 6679 (1978).
S. R. Leone and C. B. Moore, Chem. Phys. Lett. 19,

MO (1978).
C. B. Moore, Accounts Chem. Res. 6, 323 (1973).

Observations of Diatomic and Triatomic Hydrogen Negative Ions*
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Mass-spectrometric observations have been made of HD, D), H3, H~D, HD2, and

D3, using a hollow-cathode duoplasmatron negative-ion source operating between 0.1
and 2 Torr. Both the diatomic and triatomic hydrogen negative ions appear stable, with
half-lives greater than 10 sec. Attenuation-cross-section measurements of D, and D3
with helium between 3 and 5 keV yield average values of (5.5 aud 7.0) &&10 '~ cm~, re-
spectively.

The investigation of hydrogen negative molecu-
lar ions is important for understanding the elec-
tronic structure of molecular hydrogen. Most in-
formation on H, has been obtained from the reso-
nant cross-section structure observed in elec-
tron-scattering experiments and from the asso-
ciative detachment production of H from e+ H, .'
The information obtained from these experiments
and the theoretical calculations imply the exis-
tence of compound H, states with lifetimes be-
tween 10 "and 10 "sec. The present experi-
mental results indicate, however, that stable ex-
cited states of diatomic and triatomic hydrogen
negative ions exist with lifetimes in excess of
i0 ' sec.

The mass-spectrometric detection of H, nega-
tive ions was first reported by Khvostenko and
Dukel'skii' in 1958 and recently by Hurley' in
1974 who also reports observing H, . No isotop-
ic confirmation of these measurements was
made, however, and consequently the results

have remained in doubt.
The measurements presented here were per-

formed with a tandem mass spectrometer (see
Fig. I). This instrument combines a 30-cm Wien-
type velocity filter4 for the first-stage mass sepa-
ration and a I5-cm-radius 90'-sector magnet
momentum filter for the second-stage separation.
This arrangement of velocity and momentum anal-
ysis ensures correct mass identification of the
ionic species as well as high isotope-abundance
sensitivity. '

The negative-ion source used is a hollow-cath-
ode duoplasmatron' operating with the Z elec-
trode offset from the anode extraction aperture
by about 0.1 cm. During most of the measure-
ments the ion source was operated at an absolute
pressure of I Torr (calibrated by an MKS Bara-
tron capacitance manometer), an anode-cathode
voltage of 500 V, and an arc current varying be-
tween 60 and 100 mA. The H and D signals
were monitored by a Faraday cup located between
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FIG. 1. Schematic of the apparatus.
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the Wien filter and magnetic sector (see Fig. 1).
The higher-mass-ion signals were monitored
following momentum selection by pulse counting
using a microchannel plate electron multiplier as
detector.

A series of measurements was performed to
establish the existence of diatomic and triatomic
hydrogen negative ions. The signals at masses
1, 2, 3, 4, 5, and 6 (H, D, HD, D, , HD, ,
and D, , respectively) were monitored while
the H, /D, pressure ratio in the ion source was
changed. The total pressure of H, +D, was main-
tained at 1 Torr during the series. The results
of this work, shown in Fig. 2, indicate the fol-
lowing:

(1) The signal levels of H and D are propor-

tional to the concentration of hydrogen and deu-
terium in the source.

(2) Under the conditions of source operation,
complete isotopic scrambling of the H, and D, gas
molecules takes place. ' The HD and D, signals
follow the source concentration of HD and D„.
however, a certain DH isotope effect is observed.

(3) The production of the D, and HD, signals
follows the relative concentrations of H, and D,
source pressure. Again a DH isotope effect is
observed (In t.he present study we were not able
to measure the relative production efficiencies of
H, , H3, and H,D because of the interferences
by D, HD, and D, , respectively. )

(4) The relative production efficiencies of
D:D2:D3 are about 1:2&&10 '.3x10 ' at 1 Torr
of D, source pressure. These relative efficien-
cies vary considerably with source pressure, but
the production of D is consistently over six or-
ders of magnitude greater than that of D, and

D3 .
The existence of these species was further veri-

fied by operating the apparatus at a higher reso-
lution and introducing 'He and 4He with the hydro-
gen to produce 'He and 4He mass markers. The
Wien-filter resolution was increased to about
500 and the sector-magnet analyzer resolution
was reduced to about 10 for these measurements.
The mass scale was calibrated from the relation
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FIG. 2. Production. efficiencies of H, D, HD, D2

D&H, and D3 as a function of the H2-D2 source pres-
sure ratio. The total source is maintained at 1 Torr.

6m = 2mhV/V,

where V represents the potential producing the
deflecting electric field in the Wien filter. Mass
scanning was performed by varying this voltage.
The vertical lines in Figs. 3(a) and 3(b) are the
calculated positions for H, and HD relative to
'He . With an inlet-gas mixture of equal parts
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FIG. 3. Analysis of masses 3 and 4 with different
source compositions. The vertical lines in (a) and (b)
represent calculated positions of H3 and HD relative
to that of He, and in {c)and (d) of H&D and D& . In
(s} the source is fed with 40% H, 40% D2, slid 20% He.
In (b) 99% H2 and &% He is used. In. (c) the source-gas
feed is 80Vo H~ 20% D2 and (d) has 90% Dg and 10% He.

H, and D» predominantly HD ions can be antici-
pated at mass 3. Figure 3(a) shows a Wien-filter
mass scan obtained under these conditions. The
mass scan of Fig. 3(b) was obtained using H, gas
in the source in addition to the 'He marker. Since
the resolution m/Am of the mass spectrometer
was about 500 (full width at half-maximum), it
was not possible to separate fully the H, and the
DH peaks (m/~m = 1500). However, a shift in
the peak position when the source conditions fa-
vored either H, or HD is clearly discernible.
In a similar fashion [Figs. 3(c) and 3(d)] the mo-
lecular isotopes H, D and D, were inferred
from the shift in the mass peak occurring when
the source composition was changed from pure
D, (D, ) to 30% D2, 70% H, (H,D ).

An attempt was made to determine the lifetime
of the D, and D, species by measuring the at-
tenuation of beam current with increasing flight
time. The travel length of beam ions in the in-
strument is about 4 m and changing tht: ion ener-
gy from 15 to 3 keV increases the D, and D,
flight time from 5.8 to 12.9 p, sec and 4.7 to 10.1
psec, respectively. To compensate for changing
beam extraction and transmission efficiencies
with energy, both the D, and D, signals were
no'rmalized to the D value. No decrease in D,
or D, signal with increasing time of flight was
observed, indicating that the half-life of these
species is greater than IO psec.

The attenuation cross sections of D, , D, , and

0.1

0 5 10 x 10 4

ION GAUG E P RESSUR E —torr He

FIG. 4. Attenuation of D&, D&, and D by helium.
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FIG. 5. Plot of attenuation cross section of D&, D2
and D by helium. The dashed curves represent the
present data normalized to those of Risley (Ref. 8).
The measurements for He detachment of Simpson
and Gilbody (Ref. 9) are presented for comparison.

D by helium were measured as a function of en-
ergy. The cross sections were obtained from the
slope of the semilog plot of the transmitted beam
current versus the helium collision pressure
(see Fig. 4). No significant deviation from a
straight-line curve was observed in any of these
plots.

Figure 5 shows the attenuation measurements
for D3 D2, and D collision in helium between
3 and 15 keV. The cross sections were normal-
ized against the D on He data of Bisley. ' The
present D results show an increase in cross
section with decreasing energy. This is proba-
bly due to increasing elastic-scattering contribu-
tions at lower energies, which would be more
pronounced for us because our acceptance-scat-
tering half-angle is small (0.06') compared with
that of Risley (1.1'). The D, and D, cross sec-
tions shown in Fig. 5 include the additional chan-
nel of collisional dissociation. The He cross-
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section data are shown for comparison.
It appears from the large cross sections and

long lifetime observed for D, that these species
may be in a quartet electronic state analogous to
that of He (is2s2p)'P~.

Calculations on H, indicate that this ion is un-
stable with respect to H, +H clustering. " The
similarity between the D, and D, attenuation
cross sections indicates that D, may also be
electronically excited.

The isotopic and pressure effects on the rela-
tive production efficiency of the diatomic and
triatomic hydrogen negative ions are being stud. -
ied further in order to elucidate the mode of
formation of these species.

The authors wish to thank David L. Heustis for
theoretical discussions.

*The mass spectrometer used in this study has been
constructed as part of a program sponsored. by the Na-
tional Science Foundation under Grant No. GA-87729.
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The photodissociation cross section for COB +hv- CO&+0 has been measured from
6400 to. 5650 A using a drift-tube mass spectrometer and a continuously tunable dye la-
ser. The cross section has very detailed structure, which is interpreted as reflecting
the vibrational levels of a bound, predissociating state of CO3".

The existence of bound excited states for nega-
tive ions is the subject of considerable current
interest. Autodetaching states of atomic negative
ions have been discussed in several recent Let-
ters, ' ' and such a state has also been observed
for a molecular ion. ' Molecular negative ions,
particularly those with a large electron attach-
ment energy, may have bound excited states that
do not autodetach. Such a state has been observed
in C~, and one probably exists" in 0, . We re-
port here on the observation of a bound excited
state in CO, by measurement of the photodissoci-
ation cross section of this ion.

The experimental apparatus, consisting of a
drift-tube mass spectrometer and a laser, is
basically the same as that previously" used to
measure the photodissociation cross section for
CO, at seven discrete wavelengths between 5287

O

and 4579 A. However, the argon-ion laser used
in that work has been replaced by a tunable dye
laser having a resolution of 0.5 A. The CO, ions
are formed by reaction'" between 0 and CO„
and drift under the influence of a weak applied
electric field through CO, gas toward an extrac-
tion aperture. The ratio of the electric field
strength to the neutral-gas density, E/N, is cho-
sen such that the directed drift velocity is only
about one tenth the mean thermal speed of the
ions and gas molecules at room temperature.
Thus, the ions experience a large number of
thermalizing collisions following their produc-
tion. Just before passing through the extraction
aperture, the ions intersect the intracavity pho-
tons of the dye laser, which is chopped at 100 Hz.

The ions which pass through the extraction ap-
erture are mass selected by a quadrupole mass
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