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Excited neutral triatomic hydrogen and deuterium molecules formed by electron-impact excitation
have been investigated. We report on the autoionization of H;* and D;* molecules produced by the re-
actions H," +H,—»H;*+H™ and D, +D,—D;*+D*. We measured the lifetime of H;* and D;* and
the branching ratio between H,*, D;*, and H,", D,* production channels.

PACS number(s): 34.80.Gs, 34.90.+q

I. INTRODUCTION

The triatomic molecules H; and D; have been the sub-
ject of a great deal of theoretical and experimental inves-
tigations, due to the fact that they are the simplest polya-
tomic molecules. They are of considerable interest as a
collision complex formed in the exchange reactions. H;™"
is also of noticeable astrophysical interest because it is
the most abundant ion in interstellar clouds.

H; and D; are molecular species that exist only in Ryd-
berg excited states, the electronic ground state being
repulsive. The H; and D5 long-lived highly excited states
are of great importance when considering the energetic
balance of plasma systems, while the triatomic ion H3+ is
the major charge carrier in hydrogen discharges.

The existence of a long-lived H; molecule was experi-
mentally evidenced by Devienne [1] through a
neutralized-ion-beam technique. Later on, through the
same technique, Nagasaki et al. [2] performed a similar
analysis on D;. Unfortunately, they were able to estimate
only the lower limit of the lifetime of the neutral triatom-
ic molecule (100 ns), without any distinction between dis-
sociation and autoionization. Metastable H; molecules
have also been observed by Garvey and Kuppermann [3],
who estimated the lower limit of the lifetime of the states
they populated to be 40 us. However, they could not ob-
serve any decay faster than 1 us.

The production of H; and D; was then obtained in hol-
low cathode gas discharges by Herzberg and co-workers
[4-7] who studied the emission spectra of these mole-
cules. Bands in the visible and infrared ranges were ana-
lyzed and the interpretation of these spectra showed that
neutral triatomic molecules H; and D; can be considered
as Rydberg molecules with one electron orbiting around
the ionic core (H;" and D; ).

The neutralized mass selected ion beam technique has
been used by Figger and co-workers for spectroscopic of
H; and D; molecules [8-11]. By using such a technique
Helm and co-workers [12-14] studied the H; high-n
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Rydberg states, excited from long-lived levels, showing
the existence of a series of autoionizing transitions con-
verging to vibrationally excited or vibrationless states of
H,", although neither the lifetimes of the excited mole-
cules nor their production cross sections were investigat-
ed. Dodhy et al. [15] analyzed the irregularities in the
intensity of the emission lines, pointing out the impor-
tance of nonradiative processes in the H; molecule. They
were able to show that the lifetime of states with
14 =n =65 covers a wide range, although it was impossi-
ble to extract accurate lifetimes from their measurements.
In this paper we report on the formation of H;*(D;*)
as a collision complex, measuring the lifetime of their au-
toionizing states decaying in H;"(D;%), produced by
electron impact. We have investigated the reactions
H,"+H,—»H;*+H"' and D,"+D,—»>D;*+D™; the
produced H;*(D;*) molecule has been found to have a
long lifetime and a very high production cross section.

II. EXPERIMENT

A. General

In this subsection we will describe the main features of
the experimental setup, devoting next subsection to a de-
tailed description of the electronic chain we used.

The apparatus, schematically depicted in Fig. 1, essen-
tially consists of a linear time-of-flight (TOF) spectrome-
ter. The investigated species, produced by a pulsed elec-
tron beam, are extracted from the interaction region by a
pulsed electric field.

In order to measure the lifetime of long-lived autoion-
izing molecules and their production cross section, we an-
alyzed the dependence of the time-of-flight distribution of
the investigated species from the delay between the rise of
the electron pulse and the rise of the extraction field.

In the interaction region a stainless steel needle injec-
tor (=100 um), fed by a variable, programmable, self-
controlling leak (Granville-Phillips mod.216), provides
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FIG. 1. Schematic of the experimental apparatus.

for the continuous inflating of the gas sample.

The target molecules interact with a pulsed electron
beam (peak intensity ~107> A, pulse length 40 ns, elec-
tron energy 100 eV), produced by an electron gun, and
the resulting ions are drawn from the source at right an-
gles with respect to both the electron gun axis and the gas
beam direction. The extraction voltage is switched on
with a variable delay R(0—700 ns) with respect to the
end of the electron pulse.

After being extracted, the ions enter the acceleration
region and then the field-free region, at the end of which
they are detected. The combination of electric fields has
been chosen in order to both obtain a negligible TOF
dependence on the ion impact point over the detector and
to minimize the TOF spread of the ions due to different
initial positions (spatial focusing). We used in this work
the same detection system as in [16]; it essentially consists
of an assembly of a multichannel plate and a 14-
focusing-dynode electron multiplier. The whole ap-
paratus is contained in a high-vacuum cylindrical
chamber (400 mm inner diameter), pumped down to
4% 107 ° torr. The local pressure in the ionization region
was estimated to be ~ 100 times the pressure reading in
the vacuum chamber.

The TOF spectrometer has been set to operate in a spa-
tial focusing mode; in this condition two ions form with
the same kinetic energy, but different positions, have al-
most the same TOF; thus the width of the TOF distribu-
tions can be essentially ascribed to the ion kinetic energy
spread. Since the origin of TOF’s is the instant at which
the extraction field switches on, the electron pulse length
does not affect the TOF distributions.

The optimum spatial focusing condition corresponds to
a well-defined value of the ratio between the extraction
and the acceleration field; the values were experimentally
found by varying the extraction and the acceleration field
to minimize the ratio between the TOF distribution
width of a selected ion and the time interval between
peaks corresponding to different species. We performed
this procedure by analyzing the HD™ distribution in the
D, TOF spectrum. The HD molecule is present in traces
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FIG. 2. TOF spectrum of D, molecules. The blank region
corresponds to parent ions (D,*) that are not timed to avoid

MCA pileup.

in the D, gas cylinder, and HD" ions are formed with
thermal kinetic energy; this makes the HD' TOF distri-
bution very narrow and symmetric. In Fig. 2, a complete
TOF spectrum of electron-impact ionization of deuteri-
um molecules is shown.

B. Electronic chain

In order to measure the TOF of species whose abun-
dances are different by several orders of magnitude, the
electronic hardware sketched in Fig. 3 has been realized.
We find it convenient to adopt the inverted timing
method by using the ion detector signal as the start pulse
for the time-to-amplitude converter (TAC) and a properly
delayed signal as the stop. In fact, in this way we can
choose to time only single events; that is, we reject events
belonging to cycles in which more than one ion lets the
detector produce a signal. Multiple ion rejection is real-
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FIG. 3. Electronic chain: GG, gate generator; D, discrimi-
nator; Sc, scaler; C, coincidence unit; TW, time window unit;
ID, ion detector; MCA, multichannel analyzer; TAC, time-to-
amplitude converter.
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ized by box A of the electron chain of Fig. 3. The first
signal from the detector enables the C, coincidence; if
another ion is detected, its signal triggers the gate genera-
tor GG,, disabling C,, to prevent the stop signal from
reaching the time-to-amplitude converter.

As is well known, the time inverted technique is very
efficient when the mean rate N of detected particles per
cycleis ~0.2 [17,18]. In our working conditions the pro-
duction of parent ions is so high that N > 1; this means
that the simple single shot operation does not work for
parent ions because the probability of detection of more
than one particle per cycle is very high. Therefore an
analogic technique would seem more appropriate, at least
for parent ions. Unfortunately the abundance of all the
other ions, which are only a small fraction of the parents,
is too low for using analogic techniques.

In this intermediate regime, in which neither counting
technique nor analogic one works in a satisfactory way,
we are compelled to look for a compromise. Since we are
not interested in the peak shape of the patent ion, we sim-
ply count them, disabling the TAC in the time interval
corresponding to the arrival of the parent ions.

Referring to Fig. 3 we see that the time window TW,
enables C, or C,. In the first case the signal coming from
the ion detector ID is only counted, whereas in the
second case the signal is sent to the multichannel
analyzer (MCA) for timing. The time window TW/, is the
interval in which events are accepted by the TAC-MCA
system.

The resulting TOF spectrum for D, molecules has been
shown in Fig. 2 in which the blanking corresponding to
parent ions is clearly visible. The measured time resolu-
tion is 1.1 ns/channel.

The TOF peak of the triatomic molecule (either Hy*
or D; %) has been found to be strongly nonsymmetric. In
particular, there is a pronounced tail corresponding to
particles either electrically neutral at the extraction field
switching on, becoming charged later on, or coming from
collisions involving neutral species. In fact, the ions
present in the source when the extraction field is switched
on give rise to symmetric TOF distribution. Therefore
the analysis of TOF distribution as a function of the delay
introduced between the electron pulse and the extraction
field allows us to obtain quantitative information about
the characteristic times of ion production through pro-
cesses involving neutral long-lived species. In the follow-
ing we shall examine all the processes that could
influence the shape of the time distribution, in order to
take into account their relative importance.

III. DATA ANALYSIS

Charged molecules M;" (henceforth M will be used to
indicate H or D) are produced via the following reac-
tions:

M, "+M, >M;t+M, (1)
M,*+M, >M,t+M~ | )
M,*+M,>M,*+M+e™, (3)

My*>M*+M , 4)

M*+M,>M*+e ™, (5)

M,"+M, >M*+M™" | (6)

M3*—‘>M3++e N (7)
T

7 being the lifetime of M;*. Concerning hydrogen, the
cross section for the reaction (1) is estimated to be
~80X 10716 cm? [19]. In [20] it has been shown that the
production of H;™ through the reactions (4) and (5) is
negligible with respect to that occurring through reaction
(1) due to the very low value of the cross section for reac-
tion (5) (~107'¢ cm?), even for the long-lived (0.142-sec)
H(2s). Moreover, the cross section for the formation of
H," at an electron-impact energy of 100 eV (0.8x107!°
cm?) is larger than that for the formation of
H,*(<0.5X107 % cm?) [21].

As previously evidenced, when the apparatus operates
in a spatial focusing condition, all the particles that are
charged when the extraction field switches on do produce
TOF distributions that are symmetric in shape. In Fig.
4(a) the TOF distribution of HD ™', which comes solely
from primary processes, is shown; it is evident that the
symmetry and the width are conserved, even after intro-
ducing the delay.
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FIG. 4. (a) HD" peaks for various delays between the extrac-
tion field switching on and the electron pulse. The symmetry
and the width of the peaks are not influenced by the introduc-
tion of the delay. (b) Ionic yield vs delay R for HD* ions. The
full line curve follows an exponential law of time constant
7~1200 ns.



Therefore, the tail at longer times is entirely due to tri-
atomic ions, formed after the extraction field has
switched on, and through reactions (2), (3), and (7).

The reactions (2) and (3) give a tail at the TOF distri-
bution longer time, with a time constant of the order of
the characteristic time of collisional processes. To give
an estimation of such a time we evaluate the collision fre-
quency (v) in the source. We have

v=Nov , (8)

where N is the density of the species, o is the cross sec-
tion, and v the relative velocity between the colliders. In-
serting the value of N corresponding to a pressure
P=10"2 torr, 0 =100 A? [corresponding to reaction (1)
which has the highest cross section] and v ~V'kT /m , we
obtain
0®
v << Y o s ', 9)
where m is in amu.
Therefore for any process due to collisions the follow-
ing relation holds:

Teon>>V'm pus . (10)

From Fig. 5 we see that the characteristic time of the
M 3+ peak tail is of the order of ~100 ns, whereas Eq.
(10) gives a time much larger than 1.4 us for H, and 2.0
us for D, molecules. It is expected that the same argu-
ments about the relative importance of reactions (1)-(5)
hold true for the deuterium too. To evaluate the branch-
ing ratio, the reactions (1) and (6), and the lifetime of
M.*, we analyzed the M 3+ production as a function of
the delay introduced between the end of electron pulse
and the extraction field switching on.

In Fig. 5 the peaks of D;* recorded at different delays
and normalized to their maximum are shown. There is a
remarkable change in the peak shape: the side tail at
longer time clearly decreases when the delay increases,
while the short-time side tail is almost unaffected by the
delay.
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A detailed analysis requires one to examine the pro-
cesses leading to M; " losses. The major competing pro-
cesses for M;" production can be assumed to be the
diffusion of both M, and M; " (M;*) and the recombina-
tion processes of M5 .

Diffusion

Diffusion loss has been investigated by using the HD*
peak and measuring its yield and its width as a function
of delay, as shown in Figs. 4(a) and 4(b). The decrease of
HD™ yield due to the diffusion is clearly visible in Fig.
4(b). The time scale of this process can be obtained by
fitting the experimental points by an exponential law, as
shown in the same figure. The time constant obtained is
Taig~ 1200 ns, and we expect 74y m if collisions are
predominant, whereas 74<V m if the expansion can be
considered free. Our working pressure justifies the latter
approximation; therefore, the characteristic times of the
diffusion of H," and D," are ~980 and ~ 1400 ns, re-
spectively; these values are larger than the characteristic
of the M, " peak tail. Of course for ionic triatomic mole-
cules this argument holds even more. Figures 6(a) and
6(b) show that the diffusion is negligible up to 200 and
400 ns for H; " and D;™, respectively, and is responsible
of the plateau occurring at larger values of the delay.
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Electron collision of M ;"
The dissociative recombination of M5 ™,
e+M;" >M,+M , (11)
—M+M+M , (12)

is the major neutralization processes for M;* [22,23].
The cross section for this process strongly depends on the
relative velocity between electron and ion. For hydrogen
its highest value is ~107!3 cm?, corresponding to a null
center-of-mass energy, and it decreases to ~ 107 !¢ cm? as
the center-of-mass energy reaches 1 eV. Concerning deu-
terium the cross section is even smaller in this range.
Studies on dissociative excitation of Hy* [24],

e+H;" >H+H," +e, (13)
—H,+H" +e , (14)

showed that the cross section for these processes exhibits
resonances but never exceeds 10~ !¢ cm?.

The recombination channel,
e+H,t >H;*, (15)

has been found to constitute only about 8% of the total
recombination processes [sum of processes (11), (12), and
(15)] [25]. The above given cross sections for recombina-
tion lead to a completely negligible collision frequency
among triatomic ions and both secondary and primary
electrons. In fact, for the processes that involve secon-
dary electrons, the produced charge density is ~ 10’
cm 3 and the cross section for recombination can be as-
sumed to be ~ 10713 cm?; thus inserting these values into
Eq. (8) we get the characteristic time for recombination,
T .. >>1 msec. If we consider collisions between the tria-
tomic ion and primary electrons the low value of the
cross section produces a recombination time even larger.
Recapitulating, we have the following channels that
could influence the production rate of M 3+ by introduc-
ing a delay between the end of electron pulse and the ex-
traction field switching on: (a) diffusion of reactants M, ™"
and M,; (b) diffusion of M, *: (c) decrease of the reactants
due to the production of M;™; (d) decay of M;* due to

|

1 At/2 © _(x —1)? _x
ffAz/zdt fo dx expl T ’exp[ . ]

Viror

secondary collision; and (e) recombination.

For each of the processes (a)—(e) we have a characteris-
tic time scale larger than the time range in which we shall
carry on the analysis. Thus we can assume (1) the density
of reactants to be almost constant during the delay, and
hence a linear dependence of the total M; ™" yields on the
delay as it is seen in Figs. 6(a) and 6(b); and (2) that the
width reduction of the M, peak as a function of the de-
lay cannot be ascribed to any process other than the de-
cay of M*.

IV. RESULTS AND DISCUSSIONS

The time-of-flight distribution corresponding to the tri-
atomic mass includes ions present in the interaction re-
gion at the extraction field switching on (M3 ") and ions
produced later on through the decay of JMs* (M*,,);
that is,

M3 T o (R) =3 o(R)+M3* 4 (R) . (16)

The former ions give rise to a symmetric peak that is
well approximated by a Gaussian law, whereas the TOF
distribution of the latter ones is given by the following
convolution:

1 © (x—2)? _x
Voor fo dx exp[ o2 ]expt . ] , a7

where o is the width of the symmetric peak.

To evaluate the cross section of reaction (7) and the
lifetime of M;*, we measured the ratio between the total
area of the peak (J;",.,) and the area of a selected num-
ber of channels around the maximum. We chose for both
hydrogen and deuterium a time interval (Az) of seven
channels, corresponding to 7.7 ns with our resolution. In
these channels the main contribution comes from ions al-
ready formed when the extraction field is switched on,
whereas a smaller contribution comes from the decay of
My*,,(R) occurring during Atr. The fraction of JM;*,,
decaying in the interval At is immediately obtained by in-

tegrated the TOF distribution (17). Assuming
At << o0 <<, it is easy to show that
~ At (18)

We shall indicate as 1 /¢ the ratio between total area of the peak and the area corresponding to an interval At around
the maximum when decay phenomena are absent and the peak is symmetric. Therefore, the measured quantity is given

by
‘/n}+tot 1

Reactions (1) and (7) give a quadratic dependence of
both M;* and M;* on the electron pulse length 7. Since
the reactants are the same for all the reactions and their
velocity is very small (thermal), we have (o v )~ot(v)
and {o*v)~0c*{v). Therefore,

(19)

[
M3t (0=t +0*)aT?, (20)
where a=k{v)n? k is the rate of reaction

e+M?>—>M," +e+e, and n is the gas density.
According to what was stated in the previous section,



during the delay we can assume the M2+ density to be
constant in the time scale of our analysis; thus we expect
a linear dependence of M, ", on the delay R. Figures
6(a) and 6(b) confirm the above assumptions for hydrogen
and deuterium, respectively. Therefore, we can write

‘/M“3+tot(R):‘M3+tot(0)+ﬁ(a++a*)R > (21)

where B=(v)yn?, and y=[M,"]/[M,] is the ioniza-
tion ratio.

Using (20) and (21) we can write the total collected ion-
ic triatomic molecules as

M3 ((R)=(c"+o*)(LaT*+BR) . 22)

The fraction M;*,,(R ) of molecules not decayed at the
instant R, when the extraction field is switched on, is
given by the following rate equation:

dm,* M*

¢—=H(I)—-—‘3—ﬂ, (23)
dt T
J

M3*na _ kar[T—r(1—e " T/")]e R/74+kBr(1—e R/7)

(ot +o*)LaT*+BR)
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where H(t) is the production rate of M;*. According to
the assumptions that have led us to relations (20) and
(21), we have H(t)=ao*t during the electron pulse, and
H(t)=PBo* during the delay R. The integration of (23)
gives

My* 4 (R)=c*ar[T—r(1—e T/7)]e R/

+o*Br(l—e R/, (24)

The factor o*ar[T—7(1—e~7/7)] in the first term of
Eq. (24) is relative to M;* molecules produced during the
electron pulse T and not yet decayed. The second term
describes the production and the decay during the delay
R. By setting

(25)

(26)

Using the linear dependence of the rate on the delay, we fitted the experimental data by the function

M;T (R )=aR +b, and from Eq. (22) we obtain

b _ aT?
—= =F . 27
a 2B 27)
By simple algebra we get
27 T -1/ —R/r ~R/7

KF— | |[1——=(1—e ) |e +kr(l—e )
Mg | T T (28)
M3 o (1+k)F+R)

Inserting (28) in (19) we can relate our experimental
data to the three unknown parameters «, 7, and ¢, we
minimized the )(2 function with respect to k, 7, and ¢; the
fitting curves are shown in Figs. 7(a) and 7(b), while the
values obtained for the parameters are given in Table I.

The measurements for deuterium were repeated at a
lower pressure (P=6.5X 10" torr background pressure),
as shown in Fig. 7(c); the experimental points are more
scattered because of the worse statistic, but the agree-
ment with the high-pressure analysis is very satisfactory.

The values of the obtained lifetimes justify the approxi-
mations previously discussed. In fact, as stated above,
Tyt and Tp# are much smaller than time scales of col-

lisions and diffusion of both the reactants and the prod-
ucts. This allows us to conclude that the effect we are
considering is due neither to diffusion nor to secondary
collisions of M;*, but to one or more autoionizing states
of M;* produced through reaction (7).

The value of the lifetime we have found is to be con-
sidered an average of the lifetimes of several high-lying
Rydberg states weighted by the probability of populating

those states. Therefore, our measurements show that
states whose lifetime is longer than 100 ns are scarcely
populated in our pressure condition. Long-lived states
whose lifetime is >>500 ns, observed by other authors
[3], could not be analyzed by our experimental setup be-
cause of diffusion. However, we are able to neglect their
contribution to our measurements; in fact, molecules pro-
duced in such states would give rise to a tail much longer
than the one observed in Fig. 4 for a null delay.

In Ref. [2] the lower limit of 100 ns for the Dj; lifetime
was found. This is consistent with the more precise value

TABLE 1. Branching ratio k, lifetime 7, and ¢ parameter ob-
tained for hydrogen and deuterium.

Hydrogen Deuterium
UM; /UM3+ 0.48+0.07 1.03+0.05
T,% (08 101+£25 261+10
3
b, + 0.214+0.003 0.175+0.001
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we have obtained. This value is much larger than that
found for H;* due to the isotopical effect. This effect can
be explained by invoking the different rotovibronic struc-
ture of Hy™ and D3 cores, affecting the stability of Ryd-
berg states formed via reaction (7).

Dodhy et al. [15] gave an estimation of the lifetime of
long-lived, high-n Rydberg states of H;*. From their
analysis they could argue that there are states whose life-
times range from less than 100 ns to more than 300 ns. A
comparison with our results shows that nonradiative de-
cays have to be taken into account for these states. Final-
ly the ratios of cross sections for production of M, [re-
action (1)] and M;* [reaction (7)] are estimated. The
values for the branching ratio k have been found to be
0.48+0.07 for hydrogen and 1.03%0.05 for deuterium.

These high branching-ratio values for the production
of triatomic ion through the excited states of the triatom-
ic molecule, indicate a non-negligible production of long-
lived species. The considerably high values for the rela-
tive cross section we have found allow us to say that the
autoionizing states of H;* and D;* play an important
role in the evolution of hydrogenic plasmas. In fact,
when the molecular dynamic of such plasmas is observed
in time scales of the order of the lifetimes of the triatomic
excited molecules, it must be taken into account that the
production of the triatomic ion occurs through two chan-
nels: (i) direct production of triatomic ion via reaction
(1); and (ii) production of triatomic excited molecules,
which decay via reaction (7).

V. CONCLUSIONS

We report on the study of H;* and D;* molecule for-
mation as an intermediate collision complex in the
electron-impact production of H;* and D;*. The pro-
duction cross sections relative to H;* and D;%, respec-
tively, were also evaluated. They have been found to be
0.48+0.07 for hydrogen and 1.03%0.05 for deuterium,
respectively. By time-of-flight measurements the life-
times of the excited collision complexes have been evalu-
ated to be 101125 for H;* and 261£10 ns for D;*.

We found considerably high values of the branching
ratio k, for the production of the triatomic ion; as a
consequence the autoionizing states of H;* and D;* play
an important role in the solution of hydrogenic plasmas.
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