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Collision-induced dissociation and dissociative capture of K in Ar and Kr
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Measurements of the absolute total and differential cross sections for the production of protons and hydrogen
atoms in the energy range of 1-5 keV for reactions gf kholecular ions in Ar and Kr targets are reported.
The results show that the cross section for the dissociative caff@ proccess is about one order of
magnitude higher than that for the collision-induced dissociation. The angular distribution of the fragments in
both targets and for all acceleration energies shows a monotonic decrease in the differential cross section with
increasing angle. A sharp increase in the angular distribution at scattering anglé8 is observed for
hydrogen atoms resulting from DC and in particular for the Kr target.
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[. INTRODUCTION the rotating section which house the analysis and detection
. . . . region. The H* molecular ions are generated in a Colutron-
QoII|S|on of fast molgcular ions with target atoms is atype ion source with the injection of a research-grade mix-
subject of fundamental interest as well as of importance foge of hydrogen and Ar gases. The Ar gas, which constitutes
fields such as astronomy, chemical reactions, and most iMy5e, of the mixture, is needed to enable the cathode-anode
portantly plasma injection heating. In collisions of molecular gischarge.
ions with target atoms, several competing reactions are in- The H,* ions were focused and accelerated to the desired
volved such as dissociation, ionization, and electron capturenergy. A typical H* beam intensity of about I®A at
The importance of each of these reactions is dependent up@keV was obtained. Beam collimation reduced the beam
the initial state of the molecular ions as well as on the colli-intensity to about 10° A. The focused beam was passed
sional energy. into a Wien velocity filter in order to have analyzed ions with
Several experiments have been reported on the collisiondéhe desired velocity. Following that, the ions were deflected
dissociation of H* ions [1-6] in the keV-MeV energy 10° with respect to the initial trajectory using two sets of
range and mainly proton production cross sections werglectrostatic plates in order to avoid the detection of the pho-
measured. Among those, considerable differences are fouri@ns generated the ion source filament by the particle detec-
to exist in the measured cross sections. Bates and [Aplt tor. The 2.54-cm-long and 2.54-cm-diam cylindrical target
and PeeH:S] emp'oyed the Born approximation to qua“ta_ Ce” IS Conta|ned W|th|n the Scatt'e”n'g Chamber. The exit ap-
tively explain the energy and angular distribution of the dis-€rture of the target cell is 2 mm in diameter and 6 mm long.
sociated fragments. However, satisfactory explanations fof NiS allows the detection of the dissociated fragments within
the competing processes were not obtained especially in thg’ - With respect to the trajectory of the incoming beam.
in the lower-keV region. In the lower-keV energies, colli- The detection system consisted of a parallel-plate ana-

sions of H,* with several target atoms were investigated ex-YZer @nd two-channel electron multiplilGEM's). The sys-

perimentally[9] between 4 and 16 keV, and data for chargedtem is located 47 cm away from the target cell. The entire

and neutral fragments below 10 keV are clearly scarce. MordyStem is rotatable .using a computer-controlied stepper mo-
importantly, there is a serious need for angular distributiond- The target cell is at the center of curvature of the rota-

of the neutral fragments which can be carried out in thition- The precision stepper motor ensured high-precision re-

laboratory. Measurements were obtained for coIIisionalprOdUCibi"ty in the positioning of the chamber. Path length

induced dissociatiofCID) and dissociative captu®C) for and apertures were chosen such that the root mean square of
H,* ions in collisions with Ar and Kr targets bellow 5 keV. the angular resolution of the system was evaluated to be 0.1°.

The angular distributions for both protons and neutral frag—T_he parallel-plate analyzer ejntrance aperature Is 0'3.6 mm in
PRI diameter and the two CEM’s are attached to its exit ends.
ments are reported within7°. . . 0
The trajectory of the ion beam makes an angle of 45° with
respect to the front plate of the analyzer, while the resulting
Il. EXPERIMENTAL APPARATUS neutrals pass through the analyzer 1-cm-diam exit orifice at
the rear end plate and strike the CEM. This flux served

ioation has b d ibed in detail el d r\hroughout the experimental work as a measure of the stabil-
vestigation has been described in detail elsewfE#pand a . of the jon beam. The separation of the charged particles

brief description is made here. As shown in Fig. 1, it consist% curred inside the analyzer and they were detected by the
of three sections: the ion source, the scattering chamber, anGeral CEM. The multiplier counting efficiency data fof H

previously measureflll], were used to correct for our mea-
sured signals. The detection efficiency fof Was assumed
*Electronic address: foyousif@servm.fc.uaem.mx to be the same as that of it the same energy. The intensity

The experimental apparatus employed in the present i
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of the H,* ion beam was measured by the use of a retractables expected to be considerably weaker than the excitation of
Faraday cup located 32 cm down stream from the target celthe H2+[223 (v=0)] to the repulsive Pag,, which requires
Typical ion currents of 10° A were measured using a Ki- only about 12 eV. Therefore the possible contribution of re-
ethley Instrument Electrometer model 610C. During theaction(3) to our total measured CID signal is expected to be
course of experimental measurements, a vacuum base presout 20% at the high-energy limit and is expected to be less
sure of 2< 1077 Torr was maintained without gas in and 1 than that at the lower acceleration energies. Our present CID
X 1076 Torr with gas in the cell. data are not corrected to take into account the effect of reac-
tion (3).

Figures 2 and 3 for Hand H production in Ar targets
show the serious discrepancies among the previously mea-

Hydrogen is the most abundant element in the Universe
and much of it exists in molecular form. When molecular
hydrogen is ionized, bt is formed, and in collisions with
target atoms, the 51 undergoes the following processes:

Ill. RESULTS AND DISCUSSION

10!

Hy" + X — HO+ HO+ X*, 1) L § ;9

Hy" + X — H"+ HO+ X, 2
and 10°

Hyf +X = H"+H"+ X +e. (3

5(10™ cm?)

nals of protons and neutral atoms. They are identified as DC,
CID, and electron loss followed by Coulomb explos(@E),
respectively. Our measured total cross sections for the H r §
and H production in collisions with Ar and Kr targets are
plotted in Figs. 2—-4 as a function of acceleration energy. 101 L T | L i
Shown also are the results of other groups for comparison. 10° 10! 102
Also included in Fig. 2, the data corresponding to CID and
CE from Guidini [4]gcorresponding to regctior(ﬁg)’ and(3), Energy (keV)
respectively, as well as those of from Suzekial. [12] for FIG. 2. Total cross section for the production of flagments in
reaction(3). . . H,*-Ar collisions. Solid squares: total CID4]. Solid diamonds:
Suzukiet al. [12] measured the ratio of reactio(®) and  protons resulting from reactiof8) [4]. Solid up triangles: total CID
(3) and found it to be 4.4 at 4 keV with 50% error bars [12]. Solid down triangles: protons resulting from reacti@n[12].
associated with reactio®), indicating low signal levels. A sold circles: present results for*Hotal cross section. Open dia-
high ratio such as this is expected sincg" Hequires about monds: H formation [4]. Dotted line: H formation [12]. Open
35 eV in excitation energy to lose the remaining electron andircles: H" formation[15]. Open down triangles: Hformation[2].
for Coulomb explosion to followreaction(3)]. This process Open squares: H[3].

All of the above processes contribute the measured sig- é i } { {
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excited vibrational states reactively by allowing thg*tbns
to react with rare gases within the ion soufda.

Eventually, since the ion source used in this work is that
of electron bombardment, it is expected that all 18th vibra-
tional levels will be populated14] although the relative
population of these vibrational levels cannot be determined
within the present experimental apparatus.

For the H fragments cross section in an Ar target shown
in Fig. 2, our measurements extending up to 5 keV appear to
merge well with those at the lower-energy-limit measure-
ments of Fedorenket al. [1] and about 20% lower than
those of Williams and Dunbdil5], while there is a serious
disagreement between our measured cross sections and those
of Suzukiet al. [12].

Discrepancies are apparent for thé fragments in an Ar
target as seen in Fig. 3. The results of Suztkal. [12] at 4
and 5 keV collisional energies are a factor of 2 higher than
our measured cross sections at the same energies. For the Kr
target, our results for Hshown in Fig. 4 extend well enough
with those of Williams[15], while our total fragment cross
sections are found to show a monotonic increasing behavior
as a function of acceleration ener(gee Fig. 4 and we are
aware of no previous experimental or theoretical data regard-

FIG. 3. Total cross section for the production df tlagments in
H,*-Ar collisions. Solid squares: H[12]. Open squares(CID
+DC) [12]. Solid circles: present results for totaPH

ing H° formation to compare with the present results.

The excitation route for the CID is dependent on the ex-
citation energy, yet all possible excitations to states below
, i i i the second ionization energy would result in a hydrogen
sured cross sections. These discrepancies are likely due fgom and protor{3]. Therefore the excitation mechanisms
the fact that molecular ions are usually formed within ionjnyolved in the CID are either the electronic excitation to a
sources in a variety of vibrationally excited states. The popurepulsive state—mainly to theP2r,—or the vibrational ex-
lation of these states at any given time will depend upon theitation. Traditionally measurements of the kinetic energy
collisional history of the ions. However, since thg'Hons  release are often used to identify the final repulsive excited
do not have a dipole moment, therefore these vibrationall\states.
excited states have very long lifetimés:10° s) and so do Given the fact that the CID results in an equal number of
not decay; yet it is possible to alter and even remove thgrotons and hydrogen atoms, therefore the absolute DC cross
section can be obtained by subtracting the number of mea-
sured protons from the total neutrals assuming low colli-
sional energies in which other processes such as #§ié H
production are week compared to DC and CI2]. Our
measured cross sections for CID and DC leading toakid
HP in Ar and Kr targets are shown in Fig. 5. Both cross
sections for Ar and Kr targets show the same behavior with
those for the Kr target slightly higher than those for the Ar
target, while for both targets, the DC process is approxi-
o mately one order of magnitude higher than that for CID and
eventually 20 times that of reacti@B).

Measurements on charge exchange and dissociation cross
sections for H* in inert gaseg15] showed similar trend
regarding the ratio of Fito H* at energies between 6 and
50 keV; the H production was shown to be about 4 times
higher than that for the H

The second part of this work involved the angular distri-
bution of the dissociating fragments. The differential cross
sections for the fragments formation under single-collision
conditions were evaluated from the measured quantities by
using the expression

do(6) _14(6)

do Il

FIG. 4. H,*-Kr collisions. Solid squares: present results for total 0
H*. Open squares: total H[15]. Solid circles: present result for wherelg is the number of H* ions traversing the target,is
total H® fragments. the number of Ar or Kr target atoms per unit volunhés the
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FIG. 5. H," in Ar and Kr collisions. Solid circles and squares
are for DC and CID in an Ar target, respectively, and open circle
and squares are for DC and CID in a Kr target, respectively.

length of the scattering chambé&2.54 cm), andl(6) is the
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FIG. 6. Angular distribution for Mand H" corresponding to DC

S(solid symbol$ and CID (open symbolgsin an Ar target for accel-
eration energies 1-5 keV.

both targets, for H formation, the increase in acceleration
energy from 1 to 5 keV results in an increase of one order of

0 it oanl p ; ; : . .
number of H or H® fragments per unit solid angle per sec- magnitude in the differential cross section, while foft fr-
ond detected at the laboratory anglewith respect to the  mation, the increase in the differential cross sections is of a

incident beam direction. The total cross sectiorfor the

factor of 2. For all acceleration energies and at all scattering

production of H or H® fragments is evaluated by the inte- angles, the DC/CID ratio is larger than unity. A ratio of about

gration ofda/dQ) over all the range of angles as

_> J"da(@)
o= 770 a0

sin(6)dé.

(5

2 is observed to remain constant for scattering angles above
1.6°. At angles<1.6°, the ratio increases significantly. Also

below a 1.6° scattering angle, there is a gradual increase of
the ratio as a function of descending acceleration energies for
both targets. Figure 8 shows such behavior for the Kr target

The count rate due to the background distribution was elimi-
nated by subtracting the angular distribution measurements
made with the gas off from those made with gas on. Thé H
ion beam intensity was measured before and after each an-
gular scan. The symmetry of the angular distributions was
verified by conducting measurements on both sides of the
forward direction. The overall error is estimated to be 15%,
while the total cross sections reproducibility was found to be
within 10%. The contribution of the neglect of reacti@ to

the measured cross sections is estimated to be about 20% to
CID and 2% to DC cross sections.

Considering the fact that thado(6)/d() looks like a dif-
ferential cross section and is measured as such, yet it is not a
“differential scattering” cross section. The angle the frag-
ments acquired at the detector is due to the transverse com-
ponent of the velocity that acquired in the dissociation pro-
cess.

The differential cross sections for'HragmentgCID) and
HC fragments(DC) in Ar and Kr targets were obtained as
outlined earlier at low collisional energies and are shown in
Figs. 6 and 7.
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FIG. 7. Angular distribution for land H" corresponding to DC

It can be seen that all the data show a monotonic decreaseolid symbols and CID (open symbolsin a Kr target for accel-
in the differential cross sections with increasing angle. Ineration energies 1-5 keV.
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40 both, electronic and vibrational CID are strongly favored for
molecular ions aligned perpendicular to the beam direction
and their dissociation is along the momentum transfer with
vibrational CID to contribute very little to the measured sig-
nal. This would correspond to our measured signal at scat
tering angle larger than 1.6°. In contrast, it was folité]
that the DC strongly favors molecules aligned along their
velocity (®=0°) and dominating their measured signal and
dissociate along the velocity vector. With a very large kinetic
energy release up to 8 €\6], this would correspond to our
measured angular distribution &<1.6° and confirm our
higher ratio of DC/CID below 1.6°.

30

20

DC/CID ratio

10

IV. CONCLUSION

We report the collisional reactions of,Hmolecular ions
in Ar and Kr with measurements of the absolute total cross
section resulting in protons and hydrogen atoms in the en-
ergy range of 1-5 keV as well as angular distributions of the
resulting fragments.

The two main processes involved are the DC and the elec-
tronic CID. The measured total absolute cross sections show
that the dissociative capture proccess within the acceleration
at 0.6° scattering angle. It can be seen that the ratio at 1 ke¥nergy range of this work to be higher than that of collision-
acceleration energy is more than one order of magnitudéhduced dissociation. Our measured cross sections in Kr tar-
larger than that at 5 keV. gets are reported for the first time. The DC/CID ratio was

Recently, Itzik Ben-ltzha16] indeed showed that the found to remain practically constant for scattering angles
two processes of DC and CID are dependent on the initial>1.6° and for all acceleration energies. A sharp increase in
state of the H* ions. In his work, the two processes were the DC/CID ratio is observed at scattering angte$.6°.
separated experimentally employing three-dimensional moThis increase in the cross section ratio was found to be more
mentum imaging of the fragments. Furthermore, CID cause@ronounced in the case of Kr targets.
by an electronic excitation to a repulsive state is distin-
guished from that caused by vibrational excitation, by the
difference in momentum transfer to the projectile. Also it
was shown that the electronic CID is orders of magnitude The authors are grateful to A. Bustos, A. Gonzalez, and
higher than that of vibrational CID. Therefore, within the Jose Rangel for technical assistance. We are grateful to F.
low collisional energies of the present work, it is possible toCastillo for helpful suggestions and comments. This research
assume that DC and the electronic CID are the only prowas supported by DGAPA IN-109103-3 and CONACyT
cesses involved. He also showed that in the case £f H 41072-F as well as PROMEP and PIFI2
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FIG. 8. DC/CID ratio at 0.6° as a function of acceleration en-
ergy in a Kr target.
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