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Abstract

We have explored a combination of two methods to control the internal excitation of Hj
produced in a duoplasmatron ion source. The H;r was formed starting from a gas of Hy. The
first control method varied the H, pressure in the ion source to collisionally relax any internally
excited (HY )*. The second method added Ar to the source to chemically destroy (Hi)* with
internal excitation energies Ei, > 0.57 eV, using the endoergic reaction H;r +Ar — ArH"
+H,. To infer the H;r internal temperature, Tj,, representative of internal excitation under the
hypothesis of thermodynamic equilibrium, we used merged-beams rate coefficient
measurements of the endoergic deuterating reaction H;r +D — H,D* +H and a
semi-empirical theoretical model. We found that using collisional relaxation alone, we could
vary Ty over the range ~1300 — 2200 K. Combining collisional relaxation and chemical
destruction, we reduced the minimum to Tj, ~ 1130 K. Over this temperature range, the
fraction of H;r where all vibrational modes are in their v =0 level varies from ~0.88 at the
lowest temperature to ~0.44 at the highest temperature. This combination of cooling methods
offers a potentially powerful means for studying reactive scattering processes as a function of
the internal excitation of the H;r

Keywords: molecular beam sources and techniques, techniques for molecular physics,
atomic and molecular collision processes and interactions, Hf“, internal excitation,
collisional relaxation, chemical destruction
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1. Introduction

The molecular cation H;r is of interest for plasma source
development [1-4], medical facilities for ion beam therapy
[5-7], fundamental studies in chemical dynamics and kinetics
[8—14], astrochemical observations of interstellar clouds [ 15—
18], and related astrochemical studies [10, 19, 20]. Advances
in these fields build on our understanding of the underlying
reactive scattering processes involving H;’ . Theoretical calcu-
lations are computationally challenging and approximations
are needed to make the calculations tractable [e.g. 8, 9, 13,
14]. Laboratory measurements can provide both some of the
needed data and benchmark tests of the theoretical work. One
particularly powerful approach for these studies is to use a
merged-beams configuration with continuous fast H;‘ beams
atkeV to MeV energies [10-12, 20-22]. Key to such studies is
the ability to generate fast H;‘ with controlled levels of internal
excitation, e.g. [11].

H;r is most commonly generated in an Hj-gas discharge
source. This process, which we call the H, channel, is initiated
by electron impact ionization of H,

Hy+e —H M 42e )

This produces H2+ with broad vibrational and rotational pop-
ulation distributions [23-25] and the !'! denotes that both
ground and excited states are formed. In the next step, pro-
tonation produces Hy via

H M 4+ H, » HI Y 4+ H, )

which is exoergic by 1.73 eV for ground-state colliders [26].
The resulting H;" has been shown experimentally [11, 27—
35] and theoretically [36—38] to contain significant levels of
internal excitation. As H;r possesses only a single bound elec-
tronic state below its dissociation limit [39], only vibrational
v and rotational J excitations need to be considered. Here, v
and J refer to all possible vibrational and rotational quantum
numbers, respectively.

To date, two methods have been developed to produce fast
beams of internally relaxed H;“ The older approach is colli-
sional relaxation in the ion source [11, 27-29, 31, 32], which
can be readily implemented in laboratories of all sizes. It is
inferred to proceed primarily via the proton-transfer reaction

(Hy )" +H; — (Hy)* + Hy 3
where * signifies the molecule is vibrationally excited.
Experimental work suggests that the proton transferred from
the (H;r)* does not carry any significant amounts of excess
energy and that the internal energy remains in the (H)* [28].
The second approach is radiative relaxation in an ion storage
ring [10, 22, 40, 41], where it has been found that spontan-
eous radiative decay of vibrationally excited levels produces
vibrationally cold ions within 2 s [40]. However, this method
is limited to molecular ion storage ring facilities, of which only
one is currently being used for H;r studies [22]. As for rota-
tional excitation, that is more challenging to control in a fast

beams arrangement. This is likely due to collisional excitation
during extraction of the ions from the source [10].

Here, we build on our earlier studies of collisional
relaxation [11] in a duoplasmatron ion source [42], a source
that is commonly used in university-scale research laborator-
ies. For our earlier work we used the deuterating reaction

H " 4+ D - H,D 4+ H, (4)

to probe the internal excitation of the H;“ beam extracted from
the source. This endoergic reaction possesses a barrier of E, =
68 meV. This enables us to measure the H;“ internal excitation
using the H,D signal for relative collision energies E, < Ej,.

For the present work, we first explored the role of colli-
sional relaxation on a finer pressure grid than in [11]. As in
our earlier work, we use reaction (4) to measure the internal
excitation of the H;“ . In addition, we extended the measure-
ment to higher relative collision energies to better constrain
the theoretical cross section model that we use to infer the H;"
internal excitation temperature, Tiy, under the hypothesis of
thermodynamic equilibrium.

Next, we introduced a novel approach for producing intern-
ally relaxed H; in an ion source, namely chemical destruction
of rovibrationally excited ions by

(H)" +Ar— ArH™ 4+ Hy. 5)

The process is endoergic for H;r (v=0) by an energy of
0.57 eV [43]; here, v signifies all vibrational modes of the
molecular cation. The required internal excitation of more than
4597 cm~! for the reaction to proceed describes most v > 1
excitations [44, 45]. This approach is inspired by the use of
the reaction (5) for action spectroscopy by chemical probing,
where a laser is used to excite the Hy from the ground state to
a rovibrationally excited level and the excitation is probed by
detecting the ArHT product from the chemical reaction [43].
Additionally, we explore the effects of combining collisional
relaxation and chemical destruction.

The introduction of Ar into the plasma source also creates
an additional channel for formation of Hy . In the first step of
what we call the Ar channel, an Ar atom is ionized:

Ar+e” — Artll 4 2e. (6)

In the second step, the resulting Art[*] reacts exoergically with
H2:

Art +Hy — ArHTH + H. (7

In the third step, the resulting ArH[*] reacts exoergically with
H, to form HY via

ArH 5 B 4 A (8)

This last step is exoergic by 0.55 eV for ground state colliders
[46]. This is a factor of ~3 smaller than the exoergicity for
reaction (2) of the H, channel, suggesting that H;‘ formed via
the Ar channel may have a lower level of internal excitation
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Figure 1. Schematic of the merged-beams apparatus, which is described in more detail in and reprinted from [12], with the permission of

AIP Publishing.

than that formed via the H, channel. However, the Ar channel
requires three steps, whereas the H, channel requires only two,
and so we expect H;r formation via the Ar channel to be less
important than that formed via the H, channel. We will return
to this subject in the Results and Discussion section.

The remainder of this paper is as follows. The experi-
mental apparatus is described in section 2. The measurement
and data reduction methods are outlined in section 3. Our
merged-beams rate coefficient measurements are presented in
section 4. The theoretical cross-section model that we use to
determine the average internal excitation energy, (Eiy), and
to infer the internal excitation temperature, Tj,, of the Hj is
given in section 5. We discuss the resulting findings for (Eiy)
and Tj, in section 6. A summary is given in section 7.

2. Experimental apparatus

We used a dual-source, merged-fast-beams apparatus, shown
in figure 1, that enables us to study reactions between neutral
atoms and molecular ions and measure the charged daughter
products. A detailed description is given in [11, 12, 20, 21,
25]. The present work is based on our earlier measurements of
reaction (4) [11, 12]. Here, we only describe those details spe-
cific to the present results, primarily relating to the operation
of the H;“ ion source.

The neutral atomic beam is produced by photodetachment
of an anion beam extracted from a second ion source at kin-
etic energies of ~8 — 28 keV. After neutralization, remaining
anions are electrostatically removed from the neutral beam.
The molecular cation beam is extracted from an ion source at
kinetic energies of ~2.5 — 20 keV and merged with the neutral
beam in the interaction region. Measurements of the reaction
product signal versus E; are carried out by scanning the neutral
beam energy. The overlap of the two beams is measured using
beam profile monitors. For this work, the typical bulk angle
between the beams was Gy = 0.67 ==0.17 mrad. Here and

throughout, all uncertainties are quoted at an estimated one-
sigma confidence level. At the end of the interaction region, the
particle currents of the parent beams are measured in amperes
in a neutral detector and a Faraday cup, respectively. The sec-
ondary negative emission current of the neutral detector is cor-
rected for by the transmission to the neutral cup 7;, and by the
secondary emission yield (i.e. neutral detector efficiency) ~y to
obtain the neutral particle current. For this work, the transmis-
sion efficiency into the neutral detector was T, = 0.86 (+3%).
The neutral detector efficiency was v=1.42 (+11%) for a
D beam energy of Ep = 12.00 keV, i.e. at matched velocit-
ies with the Hj beam. During measurements, Ep, was scanned
from 11.00 to 13.00 ke V. We corrected for the energy depend-
ence in -y, as discussed in [11]. Daughter reaction products
were selected for using an electrostatic energy analyzer and
counted with a channel electron multiplier (CEM).

H7 was produced in a duoplasmatron floated to 18.02 kV.
Ions from the plasma discharge were accelerated by the groun-
ded exit aperture of the source, extracted to form a beam, and
focused by an einzel lens into a Wien filter, which was used to
mass-to-charge select for the desired 18.02 keV HJ and dis-
criminate against other ions produced in the source. Typical
H;r currents were a few A after the Wien filter. In the interac-
tion region, typical currents ranged from ~300 nA to ~1.1 uA
using only Hj in the source and ~90 nA to ~830 nA for H,
and Ar mixtures. The travel time from the source to the inter-
action region is ~8 s, orders of magnitude shorter that the
vibrational and rotational lifetimes of the Hj [10, 40]. Hence
the ions in the interaction region are expected to have essen-
tially the same internal excitation as when they leave the ion
source.

In order to explore the H,-pressure dependence of colli-
sional relaxation and the Ar-pressure dependence of chemical
destruction, we developed a protocol for operating the duo-
plasmatron over a range of H, and Ar pressures. The discharge
was always initiated by supplying only H, at a desired pres-
sure, hereafter the strike pressure. After the discharge had been
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struck, the H, pressure could only be varied <30% around
the strike pressure before the extracted H;r current decreased
dramatically. The current loss could not be fully recovered
by varying the other source parameters (described below).
To address this limitation, the strike pressure was set to the
desired H, pressure before starting the discharge. Once the
discharge was formed, the source parameters were then varied
to maximize the extracted H;“ current. Typical filament cur-
rents were ~9 A, though slightly higher currents were needed
as the electron-emitting coating of the filament aged. The fila-
ment was recoated regularly after about 200 h of source oper-
ation. Typical arc currents ranged from ~0.75 to ~1.1 A and
typical arc voltages ranged from ~97 to ~113 V, both with
a roughly linear increase over the H, source pressure range
reported below. The typical magnet current ranged from ~0.5
to ~0.4 A with a roughly linear decrease over the H, pressure
range reported here. Once the source was operating, it took
about 5 min to stabilize. Only after having stabilized was Ar
introduced into the discharge.

It was not possible to directly measure the gas pressure
in the source discharge chamber. Instead, we determined this
pressure indirectly using measurements in the beam line con-
taining the einzel lens and the Wien filter that come sequen-
tially after the exit of the duoplasmatron. This portion of the
beam line was an essentially closed system from the 0.25 mm
exit aperture of the ion source to the 2 mm exit aperture of
the Wien filter and was pumped on by a single turbomolecular
pump (TMP) backed by a scroll pump. We measured the pres-
sure using a combination of methods: a hot cathode ionization
gauge that was part of a wide range gauge (WRG) and a resid-
ual gas analyzer (RGA), which consisted of an ionizer, quadru-
pole mass filter, and detector. Using the WRG, we could only
measure the total pressure. To measure the desired partial pres-
sures of H, and Ar, we used the RGA. To put the RGA partial
pressures on an absolute scale, we cross calibrated the RGA
to the WRG using only H, or Ar. The WRG was calibrated
for N, by the manufacturer, who also provided multiplicative
correction factors of 2.44 and 0.8 for H, and Ar, respectively.
Here, we operated with partial pressures of H, outside the
source in a range of p? = (1.28 — 8.12) x 10~> Torr. When
adding Ar, we operated with Ar partial pressures in a range of
P =(0.15—-1.36) x 107> Torr.

For each gas, we inferred the partial pressure in the source,
Ps, using the corresponding RGA partial pressure outside the
source, p,. Given the short distance between the source aper-
ture and the TMP, as well as the essentially closed nature of
the beam line pumped on by the TMP, we modeled our system
as two chambers separated by an aperture. Using the fact that
Ps > po, the basic formula of the molecular flow through an
aperture gives [47]

_ 45 [ 2my
ps—podz kel

(€))

Here S=220 and 255 1 s~! are the TMP pumping speeds
for Hp and Ar, respectively; d =0.25 mm is the diameter of

the source aperture; mg is the mass of H, or Ar; kg is the
Boltzmann constant; and 7 =300 K is the gas temperature.
Using the measured values of p, given above, the corres-
ponding partial pressure ranges inside the source are pl =

0.09 — 0.59 Torr for H, and p* = 0.08 — 0.58 Torr for Ar. The
source quenched for H, or Ar pressures 0.6 Torr.

3. Measurement and data reduction methods

A detailed description of our measurement and data reduction
methods for reaction (4) can be found in [11, 12]. We measured
the merged-beams rate coefficient, which is the cross section o
times the relative collision velocity v; averaged over the center-
of-mass distribution for v; in the merged beams and is given
by the formula:

s Evovgr |
v = 17 Il LQE) (10
Here, S is the signal rate of the H,D™ (with a kinetic energy
of 24.01 keV at matched beam velocities); T, is the transmis-
sion of the electrostatic energy analyzer; T, is the transmis-
sion of the grid in front of the CEM detector; 7 is the CEM
detection efficiency; vp and vy} are the velocities of the D and
H;r beams, respectively; Ip and IH;r are their respective current
intensities; L is the interaction region length; and (Q(z)) is the
average overlap factor of the beams in the interaction region.
Typical values for these parameters are given in table 1, where
they are grouped into those which varied during data acquisi-
tion (Non-constants) and those that did not vary (Constants).
For the results here, the relative collision energy ranged from
8 meV < E; < 11.6 eV by varying the D beam kinetic energy.

4. Merged-beams rate coefficient data

We began exploring the role of collisional relaxation using
a finer H, pressure scale than that of our earlier work [11],
namely ten pressures versus four. We also measured over the
entire accessible range of relative energies. Our past work was
incomplete for energies above E; = 2.9 eV. Here, we went
up to 11.6 eV. Our merged-beams rate coefficient measure-
ments for reaction (4) are shown in figure 2 for pg? = 0.09 —
0.59 Torr.

The magnitude of the merged-beams rate coefficient below
Ey, =68 meV is a clear signature of how the internal excita-
tion of the H? varies with H, pressure. This dependence is
highlighted in figure 3, where we plot for each pressure the
merged-beams rate coefficient summed over the six data points
from 8 to 65 meV. These energies are all below E, and so
the rate coefficient is expected to decrease as the H;r internal
excitation decreases. We use the summation rather than the
average, the latter of which would make more sense if the rate
coefficient were energy independent over the relevant collision
energy range. Based on the shape of the curve and the location
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Table 1. Typical experimental values for (10) and corresponding uncertainties. The total systematic uncertainty (excluding the statistical
signal rate error) treats each uncertainty as a random sign error and adds all in quadrature.

Uncertainty

Source Symbol Value (%)
Non-constants:
Signal rate (statistical) S 4-355"1 <10
D velocity Va (10.3—-11.2) x 10’ cm s~ <1
D current® Ip 38 nA 11
Hi current I+ 0.09 — 1.1 pA 5

- 3
Overlap factor (Q(z)) 35em™2 10
Constants:
H;r velocity Vi 10.7 x 107 cm s~ ! <1
Analyzer transmission Ta 0.90 5
Grid transmission T, 0.90 1
CEM efficiency n 0.99 3
Interaction length L 121.5 cm 2
Total systematic uncertainty (excluding S) 17

? Includes neutral detector efficiency and transmission uncertainties, as well as measurement

reproducibility.

0.09 T
0.18
0.20
0.28
0.35
036 -~
0.42
0.44
0.51 7
0.59

o Em Do

o E @ AL

{ov,y (1019 cm? s71)

0 NI R P B |
0.001 0.01 0.1 1 10

E. (eV)

Figure 2. Merged-beams rate coefficient, (ov), versus the relative
collision energy, E;, for a range of H, pressures, p?z, inside the ion
source. Each symbol in the legend is labeled by the corresponding
H; pressure in units of Torr. The vertical error bars represent the
statistical uncertainty and the horizontal error bars show the energy
spread at each E;. The vertical dashed lines show the reaction
barrier, Ey, and the first competing channel threshold, Ey,.

of the minimum, we infer that the lowest H3+ internal excita-
tion due to collisional relaxation occurs for pt ~ 0.38 Torr.
Considering the relatively flat behavior near the minimum and
the coarser pressure scale of our previous work, this is in reas-
onable agreement with the value of p!2 ~ 0.48 Torr reported
in [11].

We then explored the effect of chemical destruction by an
admixture of Ar to the H; in order to remove internally excited
H;r from the source plasma and thereby from the extrac-
ted beam. We began by setting pt2 ~ 0.38 Torr and varying
p" = 0.08 — 0.58 Torr. The corresponding merged-beams rate

8 T T T T T T
ot ¢
r/’
o /
' //
g 6r / 7
3} /
[=))
5 ‘ /
= st b §
J
W [ ]
4+ K i
3 N 1 " 1 " 1 " 1 " 1 " 1 "
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
H,
ps> (Torr)

Figure 3. Summed merged-beams rate coefficient for £ = 8 — 65
meV versus p?z. The summed measured data points are shown with
their statistical errors added in quadrature. The blue line is a cubic
interpolation of the data.

coefficient measurements for reaction (4) are shown in figure 4
and the sum of measurements below Ej, in figure 5. The data
indicate a decrease of the internal excitation of the H;r with
increasing Ar pressure. This was accompanied by a corres-
ponding decrease in the H;r current, which we discuss in more
detail in section 6. We attribute this decrease, in part, to the
chemical destruction and, in part, to the sub-optimal source
operating conditions at the higher pressures.

Finally, we varied both the H, and Ar pressures to
further map out the pi —pAT parameter space. The cor-
responding merged-beams rate coefficients, summed below
E,, are shown in figure 6. These results point to there
being an optimal range in the parameter space where the
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Figure 4. (a) Same as figure 2 but for a range of Ar pressures, p2’,
inside the ion source and p?z =0.31 — 0.42 Torr. (b) Merged-beams
rate coefficient from (a) normalized to pﬁ" = 0 Torr versus the
relative collision energy.

H;r internal excitation is minimal. In the next section,
we present the theoretical model that we use to fit for
(Eint) and infer Ty, from our merged-beams rate coefficient
measurements.

5. Theoretical cross-section model

To calculate the internal temperature of the HY, we use a
slightly modified version of the semi-empirical cross-section
model that we developed in [11, 12] to account for internal
excitation effects. The reaction cross section, o, is given by

an

Here, Ej, is the internal excitation energy for a given level in
H;‘; oy, 1s the cross section when E, + Ej, is sufficient to over-
come the combined energies of the repulsive centrifugal bar-
rier and the reaction barrier, Ey; and o is the Langevin cross
section. Implicit in the calculation of oy, is the quantity Ry,
which is the radial separation of the reactants at the reaction
barrier.

For the present work, we have made several modifications.
The first is that the prefactor on the right-hand side of (11)

g (EraEinl) = min [Ub (EraEint) ,OL (Er)] .

5.0 T T T T T T T T T T T T T
45F e g
— b =
- -
e B
5 | 8
2 40} T + -
o ™ 1 —
— e
= ~__ '
£ T~
N ~
35+ F \\\% -
( ]
30 1 L 1 L 1 " | 2 1 L 1 " 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
;" (Torr)

Figure 5. Same as figure 3 but for p". The green line shows a
linear fit to the data and the one-sigma uncertainty band is shown by
the green shaded area.

ov,) (10° cm® s

ps" (Torr)

0.0 0.1 0.2 0.3 0.4 0.5 0.6

L (Torr)

Figure 6. Summed merged-beams rate coefficient for E; < Ey
versus Hy pressure, p?z, and Ar pressure, p27, inside the ion source.
The color gradient map is calculated by interpolation and
extrapolation based on the data points marked by the white circles.

is 1, which assumes that the reaction proceeds via deuteron
hopping. In other words, we are assuming that the dynamics
follow the adiabatic intrinsic reaction coordinate. This implies
the crossing of the barrier, which excludes the possibility of
a return to the input channel, even if this possibility exists at
the start of the transition state. This is to be contrasted with
the factor of 3/4 in our previous work, which assumes that
the reaction proceeds through a long-lived intermediate state
where full scrambling occurs and only three of the four outgo-
ing channels lead to deuteration. In the next section we show
that our prefactor choice is justified, in part, as using 1 leads to
values of Tj, that are all below the H;r dissociation temperat-
ure of ~4000 K [48]. We found that using the factor of 3/4 led
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to unphysical values of T;,; above the dissociation temperat-
ure for sets of source pressures well away from the minimum
(Eint) conditions.

The other modifications relate to the flux reduction factor
implicit in oy that takes into account competing endoer-
gic channels. The flux reduction factor is described by
equation (24) in [11] and equation (36) in [12]. The first set
of endoergic channels leads to diatomic products, which can
be either neutral or charged, and occurs at an energy of E; ~
1.66 eV with a strength parameter a;. The second set leads
to one diatomic and two atomic products, which can be either
neutral or charged, and occurs at an energy of E; ~4.32 eV
with a strength parameter a,. Additionally, we do not include
higher energy endoergic channels in our model, as our previ-
ous work has shown them to be insignificant [12]. Lastly, we
assume all of Ej,; goes into overcoming the threshold for the
competing endoergic channels, i.e. we set f = 1 in the corres-
ponding equations in [11, 12]. Our previous work indicated
that there are not enough data points at the cusp in the meas-
ured merged-beams rate coefficient to reliably constrain this
internal energy-transfer process.

After these modifications, the cross section o}, becomes

Op (Eh Eint)
. 0 Er + Eint < Eb
7R |1+ B | S By, B E1, B2) B+ E > .
(12)
The flux reduction factor S becomes
S (El’7 Eim,El 7E2)
1 E: < E| — Eiy
= m El_ inthr<E2_Eim
1 A
(1+a1 (Be—Ei +Ein)+02 (B — B2+ E)? ) E: 2 By — Em
(13)

where a; and a, are adjustable parameters.
The model cross section is calculated convolving (11) over
Ein to give

Omod (Er7 <Eint>) =

1 o0
/ o (Er7 Einl)
0

<Eint>

X exp (*Eim/<Eim>) dEim- (14)
Here, we fit for the average (Ei,) and then use the partition
function of [48] to infer the internal temperature Tj,, of the
H;r Thus, we are approximating the ions as being in thermal
equilibrium in the source before they are extracted, as we dis-
cuss in the next section.

Lastly, we note that this over-the-barrier model, which we
introduced in [11], explains the energy dependence of the
merged-beams rate coefficient versus E; seen in figures 2
and 4. For a given set of Ey, and E\, their sum must exceed the
barrier height E}, augmented by the centrifugal potential at the

barrier location R, for the reaction to proceed. Mathematically,
we require
I? E.b?
= E —|— s
Wk TR

Eint+Er>Eb+ (15)

where L is the angular momentum, p is the reduced mass and
b is the impact parameter. From equation (15), we can extract
the maximum impact parameter by, and the corresponding
Cross section,

2
Op = Thy,y =

Em —E
(1 +““"> TR:. (16)

E;

This cross section drops with increasing E\ to reach an asymp-
totic value of 7 RZ. As aresult, the experimental merged-beams
rate coefficient,

1/2
2Er Eint Eb) 2
oV = 1+ — | Ry,
( p ) ( E; ’

first drops as E; 1 ?, reaches a minimum at E. =Ey — E,
and then grows as Erl/ 2, Importantly, the location of the bar-
rier R,—coinciding with the transition state where the H; tri-
angle opens up while an H-D bond is created—is at a much
shorter range than the typical centrifugal barrier defining the
Langevin rate coefficient. As a result, the rate coefficient is
always smaller than the Langevin limit. Lastly, the rapid drop
of the rate coefficient beyond 1.65 eV is the result of the open-
ing of competing 3-body fragmentation channels, as are dis-
cussed in more detail in [11].

a7

6. Results and discussion

To fit the model cross section to our measured merged-beams
rate coefficient, we multiplied (14) by v, and varied the para-
meters (Eiy), Ry, a1, and a, to best fit our data, using a
non-linear least squares minimization. Representative fits are
shown in figure 7. Table 2 gives a summary of the best-
fit parameters for all the measurements shown in figure 6.
The fit parameters are listed in order of increasing (Eiy).
We see a clear increase of R, with increasing (Eiy), sug-
gesting that the effective size of the H;L is increasing with
increasing (Eiy). In addition, we find that the strength para-
meters for the competing exoergic channels, a; and a,, are
essentially constant with increasing (Ei,), suggesting that the
coupling to these channels is constant with internal energy.
While these findings are interesting, further exploring the
underlying physical explanation is beyond the scope of the
present work.

First discussing the role of collisional relaxation, figure 8
shows the fitted (Ei) and inferred Ti, for pf =0.09 —
0.59 Torr and no Ar, i.e. for the results in figures 2 and 3. We
first note that the ‘parabolic’ shape versus p! does not at all
match the approximately linear increase of the arc current and
voltage with increasing pH2. This indicates that the variation
of (Eiy) is dominated by ion-neutral collisions and that elec-
tron collisions in the ion source cannot explain the observed
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10

0.01
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Figure 7. Measured and fitted merged-beams rate coefficients for the minimum and maximum fitted values of Tiy;. The merged-beams rate
coefficient data are shown in black. The error bars are as described in figure 2. The blue curves show the best fits: (a) Results for

p?z = 0.35 Torr and p?r = 0.55 Torr. The best-fit parameters are Tin = 1131 +33 K; Ry, = 2.47 £0.03 ag, where ay is the Bohr radius;

a; =0.31+0.02eV~!, and ap = 0.03 & 0.02 eV 2. The dashed green curve uses the best-fit model parameters with Ty set to zero. (b)
Results for p?z = 0.56 Torr and pf‘r = 0.50 Torr. The best-fit parameters are Tiy = 2406 £ 157 K; Ry = 2.89 £0.07 ap; a; = 0.29+

0.04 eV~!; and a» = 0.08 + 0.05 eV 2.

Table 2. Best-fit model parameters for all the measurements shown in figure 6 (listed in order of increasing (Ejy)). The data in italics are
the refit data of [11] using our updated model.

ps® (o) p" (Tom) Ry (o) ar@V™)  aEvVT (Eint) (meV) Tine (K)
0.35 0.55 2.47£0.03 0.31£0.02 0.03 £0.02 182.50£0.16 1131 £33
0.40 0.58 2.4540.03 0.27+£0.02 0.0340.01 188.04 £0.14 1153 £31
0.36 0.36 2.44+0.03 0.31+0.02 0.04+0.02 193.15+0.14 1173 £31
0.39 0.34 2.44£0.02 0.27£0.01 0.02+£0.01 194.95 £0.08 1180 £24
0.33 0.34 2.42£0.02 0.29£0.02 0.03£0.01 195.72£0.10 1183 427
0.31 0.50 2.59£0.03 0.29 £0.02 0.04 £0.02 201.18 £0.16 1204 433
0.41 0.47 2.52+£0.02 0.31+0.01 0.02+0.01 202.75+0.08 1210 £ 24
0.36 0.21 2.46 £0.03 0.30+0.02 0.0540.02 216.60 +0.17 1262 £ 34
0.47 0.30 2.70+£0.02 0.30+0.01 0.0340.01 219.04 +0.09 1271 £25
0.44 0.00 2.55£0.03 0.32£0.02 0.03 £0.02 225.32£0.16 1294 £33
0.36 0.00 2.53£0.03 0.32£0.02 0.03 £0.02 226.97£0.16 1300 & 33
0.42 0.00 2.55£0.03 0.31£0.02 0.03 £0.02 227.24 £0.20 1301 £ 36
0.21 0.44 2.54£0.03 0.31£0.02 0.03 £0.02 229.73 £0.29 1310 £ 41
0.50 0.43 2.67£0.02 0.29+0.01 0.0340.01 231.40+0.05 1316 £ 20
0.35 0.00 2.59£0.02 0.30+0.02 0.04 +0.02 234.18 +0.12 1326 29
0.39 0.08 2.59+£0.02 0.30£0.02 0.04 £0.01 236.70£0.12 1335£29
0.15 0.50 2.58 £0.03 0.28 £0.02 0.04 £0.02 244.33 £0.21 1362 437
0.28 0.00 2.55£0.03 0.29 £0.02 0.03 £0.02 258.73 £0.18 1412 435
0.54 0.21 2.65+£0.02 0.28 £0.01 0.05+0.01 259.31+0.12 1414 £29
0.19 0.31 2.69£0.02 0.314+0.01 0.04 +0.01 269.01 £0.12 1447 £ 29
0.20 0.00 2.64£0.03 0.33+0.02 0.04 +0.02 289.47+0.41 1515+ 46
0.51 0.00 2.62£0.03 0.34 £0.02 0.04 £0.02 305.21 £0.41 1566 & 46
0.24 0.15 2.71£0.02 0.28 £0.01 0.05£0.01 305.52£0.15 1567 £32
0.18 0.00 2.68 £0.02 0.33£0.02 0.03£0.01 309.27+£0.14 1579 £31
0.09 0.00 2.81£0.04 0.36 £0.03 0.09£0.04 407.41 £0.96 1875 £ 60
0.59 0.00 2.77+0.05 0.34 +0.03 0.06 £0.04 520.06 £3.23 2184 +90
0.56 0.50 2.89+£0.07 0.29+£0.04 0.08 £0.05 606.48 £ 10.96 2406 £ 157
0.48 0.00 2.22£0.02 0.28 £ 0.01 0.02 £0.01 164.64 £ 0.04 1058 = 17
0.36 0.00 243+ 0.03 0.30 £ 0.03 — 206.44 £ 0.18 1224 + 35
0.72 0.00 2.55 +0.04 0.31 £ 0.04 — 307.39+0.77 1573 £ 56
0.07 0.00 2.68 £0.07 0.36 &= 0.06 — 488.13 £ 8.00 2099 £ 133

behavior. Additionally, we find that the minimum in (Ej,)
is relatively flat for pf2 ~ 0.35 — 0.45 Torr. We hypothesize

pressure is due to insufficient collisions in the source to colli-
sionally relax the (H;r)* via reaction (5). At higher pressures,

that, at lower pressures, the increase in (E;, ) with decreasing we attribute the increase in (Ei,) with increasing pressure to
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Figure 8. In blue are the (a) fitted (Eiy) and (b) inferred Ty versus p?z for the data shown in figure 3. The data in red are the refit data of
[11] using our new model. The colored lines are cubic interpolations of the respective data sets.
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Figure 9. Shown are the (a) fitted (Ej,) and (b) inferred Tiy, versus pi* for the data in figure 5. Those data in figure 5 at essentially the same
value of p" have been averaged together. The green lines show a linear fits to the data with the one-sigma uncertainty band shown by the

green shaded area.

collisional re-excitation in the escaping gas column at the exit
aperture of the source.

We can also use our results for (Ei,) to estimate the aver-
age number of collisions (N) that an H;“ ion experiences in the
source. Reaction 2 is predicted to form (Hf)* with (Eiy) =
1.3 eV [37]. At the lowest pt> = 0.09 Torr studied, and in the
absence of any Ar, we find that (Ej,) = 0.4 eV. This implies
that the (H)* formed has undergone at least (N) > 1 colli-
sions in the source. Hence, at the value of pi‘h ~ (.38 Torr that
minimizes (Ei,), we can expect (N) = 4 collisions. We take
this number of collisions as partial justification for assuming
thermal equilibrium in the ion source.

Also presented in table 2 and figure 8 are the results from
the merged-beams rate coefficient measurements of [11], but
refit using our modified model. We use the new model because
in [11] the prefactor of 3 /4 used for (11) resulted in an unphys-
ical value of Tj, larger than the H;r dissociation temperat-
ure for one of the source pressures investigated. Additionally,
only for p;? = 0.48 Torr did [11] measure to sufficiently high
values of E, to constrain both a; and a,. For the other three

pressures, they measured only E; < 2.9 eV and were unable to
constrain a;.

In general, we find good quantitative agreement of our new
results with those of [11] for p!2 < 0.4 Torr. We also find reas-
onable agreement in the location of the minimum, taking into
account that the relatively broad minimum in our results nearly
overlaps with the p!"? a2 0.48 Torr minimum on the coarse pres-
sure scale of [11]. However, for p?z 2 0.4 Torr, we find only
qualitative agreement. Both data sets show an upturn in the
inferred Tjy, but there are significant differences in the inferred
magnitudes. It is clear that better agreement between both data
sets would be found if the results of [11] were systematically
shifted to lower pressures by ~25%. That would also bring
into agreement the maximum source operating value of p!’
for each data set. Such a systematic error might be due to the
location of the WRG having been changed between the work
of [11] and our current results. Another possible source is that
more care was taken in the present results to measure p, and
calculate ps. For these reasons, we take the present results as
being more reliable than our earlier results.
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Figure 10. Temperature map showing the dependence of Ty with
Pl and piF using the data shown in figure 6. The color gradient map
is calculated by interpolation and extrapolation based on the data
points marked by the white circles.

Next, we discuss the effects of chemical destruction.
Figure 9 shows the fitted (Eiy) and inferred Tiy for pi2 ~
0.38 Torr and varying pA" = 0.08 — 0.58 Torr, i.e. for the res-
ults in figures 4 and 5. We find a monotonic decrease in (Ejy)
and Ty, with increasing p2, until the pressure reaches a point
where the ion source quenches. This suggests that chemical
destruction works as a method to produce internally cooler
beams of H;r, but also that its utility is limited by achievable
source operating parameters.

Putting it all together, figure 10 shows the inferred Tjy
for all measurements in the pf2 — pAT parameter space. This
implies that the combination of collisional relaxation and
chemical destruction can be used to achieve a minimum in 7'y,
with a valley lying along p! 22 0.38 Torr and a minimum in
this valley at pg“ ~ 0.5 Torr. For this minimum 7T, the H3+
current in the interaction region was ~625 nA.

Another notable feature seen in figures 9 and 10 is the lack
of any dramatic increase in (Ej,) or Ty, for the highest Ar
pressures. This contrasts with the rapid increase that is seen
for the highest H, pressures. We attribute these different beha-
viors to the H, and Ar number densities in the gas column at
the exit of the source. This is a direct result of the conduct-
ance, C, of the exit aperture. In the molecular flow regime,
C=3.7(T/M)"?A [1 s7'], where T is the gas temperature,
M is the gas particle mass, and A is the area of the aperture
[49]. As aresult, Cy, /Ca, = 4.5 and for the same partial pres-
sures, the Hy number density is 4.5 times larger than that of
Ar. Hence, collisional re-excitation by H, dominates over that
by Ar for almost all of source pressures explored here.

Next, we consider how the +17% uncertainty in the abso-
lute scale of the merged-beams rate coefficient affects the fits
in the vicinity of the minimum in (Ej,). Taking the results for
the H,—Ar mixture measurements corresponding to the lowest

value of (Ej,), we have found that this uncertainty primarily
affects the inferred value of Ry, with an ~8% uncertainty. The
absolute scale uncertainty has only a 3% effect on Ty, corres-
ponding to an ~45 K uncertainty. We find no significant effect
of the absolute scale uncertainty on a; or a,. These are relat-
ively small uncertainties and we do not include them in table 2
or any of the associated figures; but we recommend that they
be added in quadrature with the values given.

Moving briefly to the source operating parameters, one con-
straint that has been mentioned earlier for both collisional
relaxation and chemical destruction is the challenge of oper-
ating the ion source at pressures outside of its optimal range.
This is demonstrated for both processes in figures 11 and 12.
For the case of collisional relaxation, shown in figure 11(a), the
current decreases as one moves away from the optimum p!
for maximum current. Another point to make regarding this
figure is that the current maximum does not correspond to the
minimum (Ei,). Rather, the current maximum is about 20%
higher and 10% hotter than for the minimum value of (Ejy).
For the case of chemical destruction, shown in figure 11(b), we
observed a gradual decrease in the ion current with increasing
argon pressure. Figure 12 shows the H;“ current map for the
entire range of H, and Ar pressures investigated.

We are now in a position to be able to address the question
that arose in the Introduction concerning the relative contribu-
tion of the H, and Ar channels for forming H;‘ . In a perfect
World, we would have been able to measure the H;“ ,ArT, and
ArH™ currents from the source, use those currents as prox-
ies for the corresponding ion number densities in the source,
take the relevant rate coefficients from the published literature,
and calculate the expected H;r formation rate for each chan-
nel. Unfortunately, the mass-to-charge resolution of our Wien
filter was insufficient for us to be able separate Art, ArHT,
and the background ions formed from the carbonate coating
of the filament in the ion source.

We can, however, use the reduction in (Ej,) and IH;r when
adding Ar as an estimate for the relative importance of the Ar
channel. We recall that the final step in the Ar channel, reac-
tion (8), is exoergic by 0.55 eV and that the final step in the
H, channel, reaction (2), is exoergic by 1.73 eV. These are the
maximum energies available in each channel for internal excit-
ation of the H;‘ formed. Hence, to a first approximation, if the
Ar channel dominated, we would expect a factor of up to ~3
reduction in (E;,). Instead, we find only a factor of ~1.24. In
addition, we found that the H;‘ current decreased with increas-
ing Ar pressure. As noted earlier, we attribute this to a com-
bination of increase in chemical destruction and degradation of
the source operating conditions. We do not see any increase in
H;r current with increasing with Ar pressure. Taking all these
points into account, it appears that the Ar channel makes at
most only a small contribution to H;r formation over the pres-
sure range investigated in this work. A more definitive determ-
ination would require a combination of apparatus improve-
ments and a theoretical model of the chemistry in the discharge
that incorporates rovibrationally-resolved reactive scattering
calculations, all of which are beyond the scope of this work.
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We can now use our results for Tj,; to determine the frac-
tion of H; ions where all vibrational modes are in their v =0
level, ij(vzo)- Figure 13 shows this predicted fraction using
the energy level data of [45]. Also shown in this figure are the
values of ij(v:o) that correspond to our results for i lis-
ted in table 2. These data indicate that, using a combination of
collisional relaxation and chemical destruction, we are able to
vary the v = 0 fraction from a high of ~0.88 to a low of ~0.44.

Finally, we compare our results to the published collisional
relaxation studies by other groups [27-29, 31, 32]. Those stud-
ies used a variety of ion sources, but none of them used a
duoplasmatron. In [27, 28], they reported that the internal
excitation of the H was minimized for values of p! from
0.02 — 0.15 Torr, though they did not report results for higher
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Figure 13. Fraction of H; where all vibrational modes are in their
v =0 level versus Ti, shown as a blue line, using the energy level
data of [45]. Our fitted T;y data are plotted at their inferred values
on this curve as red circles with their corresponding error bars.

pressures. The corresponding ion currents were not repor-
ted. In [29], they found optimal pressures of pt2 > 0.1 Torr,
but did not report an upper limit. They report currents of
0.04 —0.10 nA. And in [31, 32], they report pt2 ~ 0.82 Torr
results in an optimal minimization, with currents of 5 — 10 nA.
We find the minimum in internal excitation for pressures of
pt ~ 0.38 Torr and corresponding currents of ~850 nA. The
range in reported optimal pressures likely reflects the variety
of ion sources that were utilized. The range in reported ion cur-
rents is over four orders of magnitude, with the highest current
source, by far, being our results using a duoplasmatron.

The other important comparison to past studies is the
inferred level of H{ vibrational de-excitation. Theoretical
models predict that < 4% of the H; ions formed by reaction 3
are in the v=20 level [36, 37]. Using collisional relaxation
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alone, we are able to achieve population of ~82% in the v=0
level. Combining collisional relaxation with chemical destruc-
tion, we reach a v = 0 population of ~88%. Earlier works [27—
29, 31, 32] used collisional relaxation alone and inferred v =0
populations of = 95%, though some doubt has been cast on
some of those earlier estimates [50, 51]. In addition, those
works could only produce ion currents ~2 — 4 orders of mag-
nitude smaller than those of the duoplasmatron used here. One
advantage of our combined approach is the ability to produce
high levels of vibrational de-excitation using a high current
ion source, the latter of which is needed when a reaction cross
section being measured is small, in order to increase signal
rates and collect statistically meaningful data on a realistic
time scale.

7. Summary

We have investigated the ability to generate internally relaxed
beams of H;‘ using a duoplasmatron. We have combined two
methods: relaxation via collisions with H, and destruction of
excited H;‘ through reactions with Ar forming ArH™. We have
demonstrated that for collisional relaxation there is an approx-
imately parabolic behavior of the average internal excitation
(Eine) versus Hp source pressure, with a minimum at p?z ~
0.38 Torr. This behavior is distinctly different from earlier col-
lisional relaxation studies [27-29, 31, 32], which indicated a
continual decrease in internal energy with pf2. At our optimal
H, pressure, we have also demonstrated that for chemical
destruction there is an approximately linear decrease in (Ejy)
versus Ar pressures for p2" < 0.6 Torr, above which the source
quenches. The reduction of the extracted current with increas-
ing Ar admixture supports the hypothesized role of chemical
destruction in an ion source as a means to generate internally
relaxed beams of H;‘ .

Quantifying our results, using collisional relaxation alone,
we are able to produce H;‘ beams of ~850 nA with an internal
temperature of Ti, ~ 1294 K, corresponding to a v =0 popu-
lation of 82%. Combining collisional relaxation and chemical
destruction, we are able to produce beams of ~625 nA with
an internal temperature of T, =~ 1131 K, corresponding to a
v =0 population of 88%.

Additional studies will be required to more completely
quantify the vibrational and rotational distributions of the H;‘
ions. But the combined cooling methods offer a potentially
powerful means for studying reactive scattering processes as a
function of the internal excitation of the H;’ .

Data availability statement

The data that support the findings of this study are openly
available at the following DOI: https://doi.org/10.7916/p8j1-
5d86.
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