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H2+ (20-100-keV) collisions with H: Dissociative and nondissociative capture and ionization
and pure-H-target ionization
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Collision of the molecular hydrogen ion,,H in the energy range 20—100 keV Wit H target has been
investigated. Production of one or two fast protons or hydrogen atoms formed from the projectile breakup was
distinguished by use of a Si-barrier detector. Cross sections were determined by coincidence-counting tech-
niques between the target iofseparated by time-of-flight analysi®lectrons, and one or two fast product
particles. Capture processes are shown to dominate at the lower energies whereas pure target ionization is
demonstrated to be the most likely process at 90 keV and higher energies. Such data are of importance in the
understanding of astrophysical and high-temperature laboratory plasmas.
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I. INTRODUCTION though only total fast-proton production channéls, (5),
(6), and(7) was measured, i.e., individual channels were not
There is on-going interest in the collisions involving specified and nothing was said of the final state of the target.
atomic hydrogen and the moleculag Hion. This has been In a previous papel5] we presented data for the individual
stimulated by both the fundamental nature of the collisionchannels(1), (5), (6), and(7) over the limited energy range
and application to astrophysical, e.g., Blgdk, and labora- 40-100 keV. Now we have extended this work to cover a
tory plasmas, notably supplementary heating by neutralwider energy range and also to present data on the important
beam injection in fusion devicg®]. H," ions also play an reactions(2), (3), and(4) that are expected to dominate over
important role in the Chemistry of the interstellar mEdiumthis range. Collision of |§|+ on a pure|y molecular hydrogen

[3]. _ _ _ o target is also being investigaté6] and will be presented in
The possible reaction paths in the 'HH collision system  §ue course.

are shown below, where underlining represents a fast par-
ticle. They are

|:|2++H—>|:|++|:|+H (1) Il. EXPERIMENTAL APPROACH

Some aspects of the apparatus have been described else-

involving pure breakup of the projectile, where, [5,7] and so only a brief description will be given

Hy"+H —H,+H" 2) here. The H" beam from the accelerator was arranged to
intersect(at right anglesa highly dissociated thermal-energy

—H+H+H" 3 beam of hydrogen produced by a tungsten tube furnace in a
) ) ) o separate differentially pumped chamber. Slow target ions and
involving pure and dissociative capture, electrons produced were extracted using electrostatic grids
Hot+H SH. +H e 4 _and dete_cted using cha_n_nel electro_n multlpller_s. The different

-2 2 @ ion species were identified by their time-of-flightOF) to

SHY+H+H" +e (5)  the detector. The J beam was pulse®00 ns pulse width

with 10° Hz repetition ratgto provide the timing. A suitably
involving target ionization with the projectile remaining in- delayed extraction pulse enabled optimum detection of the
tact or fragmenting, and thermal H™ from H ionization and discrimination against
superthermal_H from H, dissociative ionization. For a 70-
keV H," incident on the target, the corresponding TOF spec-
tra for the slow ions are shown in Fig. 1 for the furnace cool
(1400 K) and furnace hot2500 K). It can be seen that the
involving projectile ionization(leading to Coulomb explo- increase in temperature produces the expected increase in the
sion) with the target remaining intact or ionized. H™ signal and the corresponding reduction in thg Kignal.

We have considered this collision system in the energy The projectile products were separated into the different
range of 20—100 keV. The aim of this paper is to present théon species and neutrals by the use of electrostatic-deflection
cross sections for these individual reaction paths. The onlyplates after the interaction region. Thg'Hmain beam was
published work from other laboratories, in this energy rangemonitored using a Faraday cup. Both the pressure and cur-
for the H,"-H collision system, is that of McClurf4], al-  rent monitors were routed through voltage-to-frequency con-

Hy"+H —H*+H"+H+e (6)

—H"+H"+H"+2e (7)
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verters to minimize errors from these sources. The neutrals A time window derived from the TOF spectra, corre-
formed by electron capture or fragmentation of thg'Hons  sponding to slow target products"Hor H,", was used to
were detected using a channeltron in the straight througlate the output of the energy detector to obtain coincidence
position. Fast_H fragments were deflected into a Si-barrier spectra, shown in Figs() and Zc), respectively. Then pro-
detector(Canberra PIPS PD106hat allowed discrimination cesseg5) and(7) can be determined by integrating the area
between one or two fast-proton detection. Pulse height outunder the 1H peak and the 2H peak in Fig. 2b).

put from the solid-state detector clearly separates fast 1H  Signals for the capture channé® and(3) were obtained
and 2H" production as shown in Fig.(® for 70-keV inci-  from TOF spectra such as in Fig. 1 but using appropriate

dent H," ions. timing derived from the fast neutral detector. Likewise, sig-
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nals for the target ionization channé®®, (5), and(7) were  tor were normalized also to the 100-keV ionization measure-

also obtained from TOF spectra with the start pulse to thenents of Shah and Gilbod].

timing unit coming from electron detection. Capture channels were determined by coincidence count-
The total coincidence signal for Hformed in production  ing between fast neutrals recorded by a channeltron placed in

with a charged target species, per unit primary ion currentihe straight-through position and the slow-target-ion detector.

measured with the furnace at temperatdr¢2500 K), is  The coincidence signal was normalized through the use of

given by H*-H capture cross sections of McCluf8] at an impact
T T T energy of 30 keMwith an uncertainty of-5%).
S+ =Sy (H)+ 8, (H2) + S, ® To provide cross sections for the complete set of pro-

T ) ) ) o cessesl)—(7), noncoincidence measurements involving pro-
whereS, . (H) is the required signal, due to,H collisions ; ; ;

_ S+ . q _ gnal, i duction of 1H" and 2H" fast ions were normalized to the
with H atoms and5,;+(H) is the contribution from the un- total H* production cross sections=(10% uncertainty of
dissociated Kl in the crossed-beam region. The backgroundvicClure [4].
contributionSg arises from the dissociative ionization of re-

sidual gasegmainly H,0) in the chamber and is measured in B. Determination of individual cross sections
the absence of gas flow to the furnace. )
To assess the molecular component in @), the furnace As noted above, cross sections for procegsgsind (7),

was operated at a low temperatuFg at which the target ¢ and o, are obtained directly from the coincidence re-
beam was entirely molecular. At this temperature, the totagording of fast 1H and 2H" products with slow H ions.

coincidence signal is given by From the coincidence measurements between the fast neutral
products and the slow H cross sections for the sum of
S:0+:SLO+(H2)+ Ss, (9)  processe$2), (3), and(5) were obtained. Subtraction of;

then yielded the sum of the capture cross sectiens;.
whereSLi(Hz) is the contribution from dissociative ioniza- LikeV\_/ise, the coincidence signal invol\_/ing electrons and
. . . slow ions gave the sum of the cross sections for char{dgls
tion of H, molecules. Using tThe procedure outlined[8l, (5), and (7). The cross section for chann@), o, was ob-
the required signal in Eq8), S;+(H), was calculated from  tained by direct subtraction afs and 5. In the electron—
which the individual cross sections were determined using slow-H" coincidence, procesd) would be detected with a
1 higher efficiency than processé$ and (5), because of the
_ T two electrons involved. Consequently, the value dqrrep-
o(H) ku Su+(H), (10 resents an upper bound, but it is worth noting thafs over
an order of magnitude smaller than. The noncoincidence
whereu is the effective target thickness presented by the Hneasurements of 1Hand 2H" corresponding to cross sec-
atoms to the 5" beam andk is a constant that reflects the tions of the sum of processé$) and (5) and (6) and (7),
efficiency of detection of the collision products. respectively, were obtained. Appropriate subtractions gave
It is important to note that for channe(4) and (6) no  the cross sections; and .
charged target products are available to provide unique iden- The solid-state detector had a lower limit of 20 keV for
tification through coincidence methods. For these, it waslH" detection, below which it was not possible to discrimi-
necessary to carry out measurements that only involved theate against thermal noise. The 20- and 30-keV data for
fast projectile products, 1Hand 2H". For these noncoinci- channelg1) and(5) were obtained by replacing this detector
dence measurements, the fragmentation of thé ldn can  with a channeltron. As a result of this, a small additional
occur at any point along its path in the main chamber untiluncertainty arose inr; and o5 because of the relatively
projectile product separation in the electrostatic deflectiorsmall amounts that procesg€$ and(7) contribute. The low-
field. H, diffusion out of the target beam into the surround- energy data were normalized to our valuesdgrandos in
ing region can provide a substantial contribution to the totalan overlapping region at 40 keV.
fast product signal. This was taken into account by flooding

this surrounding region with gagarefully introduced via a I1l. RESULTS AND DISCUSSION
remote needle valyeof pressure equal to that attained when . ]
the target beam was introduced. The cross sections for channély to (7) in the energy

range 20—100 keV are shown in Fig. 3 and tabulated in Table
I. The error bars shown correspond to the statistical uncer-
tainty and the reproducibility of the temperature/pressure set-

In the recording of fast 1H and 2H" products in coin- tings affecting the H-atom number densities. Procedures used
cidence with slow H ions [corresponding to processé®  to extract the individual cross sections together with assign-
and (7)] the data was normalized to the impact-ionizationing absolute values to our raw data lead to additional uncer-
measurements of Shah and Gilbd@y} at 100 keV(with an  tainties of=5% for o5 ando;, =8% for o, 3, =11% for
uncertainty of+5%). o, andog, and =7% for o .

For measurements involving electrons, the coincidence As can be seen in Fig. 3, the electron-capture cross sec-
signals between the electron detector and the slow-ion detetion, 0,3, dominates at the lower energies. We were not

A. Normalization procedures
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e for the parallel process where, ather than H is used as the
target. Naively, one might expect the cross section to be
larger for the molecular target. The explanation probably lies
in the normalization methods employed by the two experi-
mental groups.

The remaining data set shown in Fig. 3 has been obtained
by applying a detailed balancing procedure to data for the
time-inverse reaction, H+H,—H+H," given in the com-
pilation of Barnet{11]. We appreciate that there are limita-
tions to the accuracy of this procedure, due mainly to a lack
of detailed knowledge of the vibrational distributions of the
molecular projectile ions and the state-to-state cross sections.
However, it does provide a reasonable data set for compari-
son purposes and as can be seen they seem to form a consis-
tent extension to the low-energy data of Féteal.[12]. Also,

o, 1 the data lie parallel to and only slightly higher than our data.
10-18 1 1 L 1 L 1 l 1 1 1 Since our data contain contributions from both proce$2gs
10 20 30 40 50 60 70 80 90 100 and (3), this excellent agreement seems to suggest that con-
Energy (keV) tributions from the dissociative-capture procé3s may be
g.rmall. This is in accord with the energy-defect arguments,
the H,*-H collision system in the energy range 20-100 keV procesq3) have an energy defect of 6.4 eV compared to 1.9
(present and Ref.6]); +, detailed balance calculations based on ev f‘?r process2). ) )
Barnett[11]; X, Fiteet al.[12]; and &, Campbellet al.[13]. Error Lt '_S well known that glectroh-lmpact ion som_Jrces produce
bars do not include contribution from normalization proced¢ses ~ H> " ions that can be highly vibrationally excit¢d4—16.
text). Barnett[11] and Fiteet al. [12] data are subject to 30% ac- The state-prepared experimental work involving capture col-
curacy. lisions below 1 keV of Campbekt al. [13] in H, and La-
timer and Campbell17] in Ar show that capture cross sec-
able, however, to separate the production idf@hdH,. This  tions are highly dependent on the vibrational state only at
could have been achieved by scanning a slit across the fag@ry low energies and become insensitive by 1 keV. The
of the fast detectof10], but was not feasible in this study. excellent agreement between the time-inverse experiments
The dominant process at higher energies is chag#eln- noted above seem to suggest that vibrational state effects
volving pure ionization of the target. play a minor role at higher energies too. On the other hand,

No other experimental or theoretical data are available fofor collisions dominated by dissociative channels, the cross
direct comparison with those shown in Fig. 3. Féteal.[12] sections remain greatly influenced by the vibrational-state
have measured the electron-capture chat@)ebver the en- population at all energies, as shown by the 1-keV measure-
ergy range 100—10 000 eV. Unfortunately, these do not overments of Lindsayet al. [18] for excitation collisions to the
lap with our data, but as can be seen from Fig. 3, the tw@po state in H, and the high-energy Born calculations of
data sets are certainly not inconsistent with one anothePeek[19]in H.

Their data indicate that the cross section for chaf®egoes Our H," vibrational distribution is most likely determined

through a maximum at 2 keV and drops off quite quickly asby Franck-Condon effects in our low-pressure ion source
the energy is increased. Interestingly, the data lie somewha{4], and hence is known at least approximately. Despite this
higher than the 1-keV datum point of Campbetlal. [13] lack of definition, the data is still very relevant to a tokamak
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FIG. 3. Measured cross sections for the processes that occur f

TABLE |. Measured cross sections for the processes that occur for tfieHHcollision system in the
energy range 20—100 keV. Errors do not include those due to normalization procéshedsxt

Energy Cross sections<(10~ 16 m?)

(keV) o1 023 04 s U6 o7
20 2.2:0.5 5.2£05 0.53:0.08 0.14-0.02
30 1.9-0.5 4.77+04 0.79:0.10 0.19-0.03
40 1.5-0.4 3.9:0.4 0.93:0.12 0.25-0.03 0.17-0.04 0.0170.003
50 1.0+0.3 3.3:0.3 1.370.16 0.28-0.03 0.21-0.05 0.019-0.003
60 0.70:0.21 2.7%0.3 1.55-0.18 0.29:-0.03 0.33:0.08 0.026:0.004
70 0.78:0.23 2.10.2 1.50+0.17 0.2%:0.03 0.372:0.09 0.042-0.006
80 0.670.21 1.69-0.18 1.66£0.17 0.2%:0.03 0.310.08 0.056:0.007
90 0.62:0.19 1.270.14 1.94-0.21 0.26-£0.03 0.370.09 0.052-0.006
100 0.670.20 1.23:0.14 1.94-0.21 0.26:£0.03 0.24-0.06 0.058-0.007
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