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Absolute cross sections for H¿ formation from electron-impact dissociation of C2H¿ and C2H2
¿
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Absolute cross sections as a function of interaction energy were measured for H1 formation in electron-
impact dissociation of C2H1 and C2H2

1 in the energy range from threshold up to 50 eV. The crossed beams
technique was used, and light fragment ions emerging from a heavy target were detected. A common feature of
the studied targets was almost the same@(1.3–1.7)310216 cm2# cross section for H1 production from 25 to
50 eV. The results were compared with our previous results for CDn

1 , and the observed propensity rules were
found to apply in this case also.
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I. INTRODUCTION

Hydrocarbon ions are present in a number of differ
media including flames@1#, industrial plasmas@2#, thermo-
nuclear reactor divertors@3#, and astrophysical objects suc
as the ionospheres of Jupiter@4# and Titan @5# and dense
interstellar clouds@6#. About 10% of the molecules that hav
been identified in the interstellar clouds are actually mole
lar ions @7#, and those containing carbon are the most ab
dant@7#. The acetylene ion C2H2

1 plays an important role in
space and in laboratory chemistry@8#. Both the acetylene
molecule and its radical cation are of great importance
fundamental research; they are small enough to be treate
theories and large enough to be model cases for molec
dynamic processes@9#.

Information on light hydrocarbons is needed for modeli
fusion edge plasmas. Fusion plasma devices often use gr
ite as the material for inner walls in order to reduce radiat
losses@10,11#, so hydrocarbons are produced at these wa

Electron-impact dissociative excitation, ionization, a
recombination of simple hydrocarbons are processes im
tant for modeling of plasmas. Dissociative recombination
the most studied among these@12,13#. Dissociative excita-
tion ~DE!, which is the subject of this paper, has been l
studied, and dissociative ionization~DI! studied even less
than that@13#.

Our experiment is configured to detect light fragment io
(H1 or D1) formed in electron-impact dissociation of mo
lecular ions. There are technical difficulties in detecting a
measuring light fragment ions from electron-impact dissoc
tion of molecular ion parents, since the hydrogen is so m
lighter than the parent or any other product. To conse
momentum, it carries away essentially all of the excess
ergy, and thus it comes out at large angles and with a br
laboratory energy spread, which makes it difficult to colle
and detect. We have previously reported@14–16# dissocia-
tion cross sections for D1 and D2

1 formation from CDn
1 ,

NDn
1 , and ODn

1 ions. We found that the D1 formation
channel is dominant with the associated cross sections b
independent of the number of D atoms in the target; i.e.,
cross sections for D1 production from all the target ion
investigated rise to similar magnitudes. Results obtained
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C2H1 and C2H2
1 are presented in this article. We note th

to our knowledge neither experimental nor theoretical res
have been previously obtained for the DE or DI proces
involving these ions.

II. EXPERIMENTAL TECHNIQUE

A. General concepts

When an electron collides with a molecular ion, differe
processes may occur depending on the electron energy. S
we are detecting light positively charged ions, we focus
the followingdirect processes that lead, in the case of C2H1,
to H1 production:

e1C2H1→H11~products!1e1Ekr ~DE!, ~1!

e1C2H1→C2H21→H11~products!112e1Ekr ~DI!,
~2!

whereEkr stands for kinetic energy release.
Other,indirect processes also contribute to H1 formation.

They proceed via resonant capture of an electron by the
into doubly excited neutral states. These doubly exci
states can stabilize via autoionization or they can dissoc
through different channels. The ones interesting to us, wh
lead to formation of ionic fragments, are resonant dissoc
tive excitation~RDE! and resonant ion pair~RIP! formation:

e1C2H1→C2H** →H11~products!1e1Ekr ~RDE!,
~3!

e1C2H1→C2H** →H11~products!21Ekr ~RIP!.
~4!

The H1 products from all four of these processes may
detected in our measurements.

A crossed electron-ion beams configuration was used
measure the absolute dissociation cross sections for forma-
tion of H1 ions. The cross section at each energyE was
calculated@17# from measured quantities using the relatio
ship
©2001 The American Physical Society09-1
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FIG. 1. Once the positive ions are formed and mass selected, they enter the collision chamber where they collide with the elec
~at 90°). The product fragment ions (H1) and the parent ions (C2H2

1 or C2H1) are then transported via a cylindrical lens system to
analyzer chamber where the first 45° electrostatic analyzer separates the fragment ions from the parent ions and deflects th
position-sensitive detector~PSD!, and the second 45° electrostatic analyzer redirects the parent ions to an electrically isolated small c
where the parent ion current is measured.
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2GF, ~5!

wheree is the elementary unit of charge;R is the H1 frag-
ment ion signal count rate;ve andv i are laboratory velocities
of electrons and ions;I e andI i are electron and ion currents
« is the efficiency for collection and detection of H1 frag-
ment ions; andF is the form factor, which gives a measure
the overlap between the electron and ion beams@17#.

B. Apparatus

The experimental apparatus is shown in Fig. 1. Ions
produced in a commercial hot-cathode discharge ion so
@18#. Neutral gas~a mixture of C2H2 and He in the presen
case! is fed into this source, where ions are produced with
unknown distribution of internal states. There is no possi
ity of controlling the internal states of the target ions. Hen
if the ions are produced in excited states, with lifetim
longer than the 10msec transit time to the collision region
the appearance potential of H1 is lower than in the case o
the parent ion’s being in the ground state. Ions are extra
through a hole in the anode, accelerated~typically to energies
of 5000–7000 eV!, and led to a 60° sector magnetic-fie
analyzer that separates them according to theirm/q ratio.
Since C2H2

1 ions have the same mass as CN1 ions, special
care was taken to eliminate nitrogen from the gas line
ion source of our system. This is important because ot
wise both of these ions would contribute to the target
current. Ions of a chosen mass are then transported in
collision box ~inside the collision chamber! where they col-
lide at 90° with a magnetically confined~0.006 T! electron
beam@19#. To determine the beam overlap, a scanning~ro-
tatable! slit probe is moved into and out of the center of t
collision box to measure the profiles of both the electron a
ion beams. After electron-impact dissociation, both the tar
and fragment ions enter a cylindrical lens system that ac
erates and transports them to the analyzer chamber. Thi
lindrical lens system consists of five cylinders at differe
voltages, followed by a tube and then another three cy
ders; some of the cylinders are cut so that they can be use
vertical and horizontal deflectors for the ions.
05270
e
ce

n
l-
,

s

ed

d
r-
n

a

d
et
l-

cy-
t
-
as

A three-dimensional trajectory modeling program@20#
was used to optimize the capability of the ion optical syst
to transport relevant fragments and collect them and als
separate them from the parent ion beam and from other f
ments.

The analyzer chamber consists of two 45° electrost
analyzers. The first analyzer selects the fragment ions of
terest and deflects them to a position-sensitive dete
~PSD! that consists of two microchannel plates~with a diam-
eter of 40 mm! backed by a resistive anode. The detector
mounted on a linear motion feedthrough with a 50 mm line
range of motion. Since the parent ion beam is slightly d
flected by the first analyzer, we redirect it toward an elec
cally isolated smaller chamber using a second analyzer
the horizontal deflectors that follow. This smaller chambe
used as a large ion collector and serves for measuring
parent ion current.

Light ion products of dissociation are particularly difficu
to detect because, as kinematic arguments show@14#, they
take almost all of the kinetic energy release upon disso
tion and fly off in a wide range of angles, and with a bro
energy spread. Therefore, special care was taken to confi
the apparatus so that it collects the ions scattered wi
these wide ranges of angles and energies. There is usual
single position of the movable PSD that can collect all
them. Therefore, data were taken at each electron energ
several PSD positions and the results at that energy sum
to obtain the final result. However, this detector motion do
not accommodate possible loss of particles in the vert
direction. Our simulations using the trajectory modeling p
gram@20# show that we are collecting all the ions withEkr of
7 eV or less. This means that ifEkr.7 eV it is possible that
not all of the fragment ions are detected, and that the t
cross section may be greater than that measured.

The PSD efficiency« for detection of H1 ions in the
present case is taken to be 0.2460.05, taking into accoun
our previous efficiency measurements@14# and energy de-
pendence@21# measurements of«.

Fragment ions are also produced by ion collisions w
both residual gas and surfaces. These background signal
often much larger than the signal of interest. Therefore,
electron beam was chopped~at 1000 Hz! to alternately ob-
9-2
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tain the signal plus background and the background alo
The difference between these two gives the true signal.

III. RESULTS AND DISCUSSION

A. General behavior of experimental cross sections

The absolute cross sections for H1 ion fragment forma-
tion in electron collisions with C2H1 and C2H2

1 ions are
shown in Fig. 2. As seen, these cross sections are alm
identical. After a slow rise from the threshold at around 5
for C2H1 and 8 eV for C2H2

1 ions, the maximum
@(1.3–1.7)310216cm2# is reached at about 30 eV, and th
cross sections remain near that value for all the higher e
gies at which the measurements were performed.

Similar cross section behavior was observed in our ea
studies@15# of D1 formed from electron collisions with hy
drocarbon ions CDn

1 (n52 to 5!, as well as in the case
@16# of NDn

1 (n52 to 4! and ODn
1(n52,3). The results

for CDn
1 are reproduced in Fig. 3 for comparison.

B. Results for C2H¿

It can be seen in Fig. 2 that the measured appearanc
H1 ions is about 5 eV. It is difficult to state the energy
which H1 is expected to first appear. The proton affinity f
C2 is calculated@22# to be 4.4 eV. As far as we know, ther
is no information about repulsive surfaces to which tran
tions are made in order to yield H1. If one assumes vertica
transitions, the proton affinity plus some unknown ene
necessary to reach the repulsive surface should be the
pearance energy of H1 from cold C2H1. Since these repul
sive surfaces are not known, no comparisons can be m
with expected and observed appearance energies. The
that the cross section is nonzero at energies only slig
higher than the proton affinity leads us to assume that

FIG. 2. Absolute cross sections for production of H1 fragment
ions in electron-C2H2

1 and electron-C2H1 collisions, as a function
of interaction energy. Points represent average experimental va
and bars characterize the relative uncertainties at one standar
viation (1s) level.
05270
e.

st

r-

r

of
t

i-

y
p-

de
act
ly
e

probably have internally excited parent ions. However, o
should not neglect the RDE process which could also c
tribute to the appearance of the H1 signal in the energy range
between the proton affinity and the minimum energy for v
tical transition required for direct DE. Furthermore, the
could be some contributions from RIP and since C2 has elec-
tron affinity of 3.3 eV@23# this would place the appearanc
potential for H1 at 1.13 eV. The most likely process respo
sible for the rise in signal at 5 eV is simply

C2H11e→H11C21e. ~6!

One observes a change in the slope in Fig. 2 at the en
of about 17 eV, and this can probably be attributed to the
process

C2H11e→H11C2
112e, ~7!

which has a minimum required energy of 15.8 eV.

C. Results for C2H2
¿

The minimum energy required for appearance of H1 in
the case of C2H2

1 is the proton affinity of C2H, which is
reported as 7.80 eV@23#, plus some unknown energy nece
sary for the electron to reach the repulsive surface:

C2H2
11e→H11C2H1e. ~8!

It can be seen in Fig. 2 that the energy at which we be
to see the H1 signal is approximately equal to the proto
affinity. Again, as in the case of H1 from C2H1, one must
keep in mind that the parent ions may be internally excit
and there may be contributions from RDE and RIP.

The number of processes contributing to H1 production is
even larger than in the case of C2H1. One observes change
in the slope in the curve representing the H1 signal from

es,
de-

FIG. 3. Absolute cross sections, as a function of interact
energy, for production of D1 ions in electron collisions with CDn

1

@15#. Points represent averaged experimental values, and bars
play relative uncertainties at 1s level.
9-3
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C2H2
1 in Fig. 2 at approximately 21 eV and 28 eV. Th

process that could lead to an increase in H1 production near
the lower energy could be DI at 19.38 eV:

C2H2
11e→H11C2H112e. ~9!

The process leading to increase of H1 production near 28 eV
could be

C2H2
11e→H11C21H112e, ~10!

which has the minimum energy required for it to take pla
of 27.75 eV.

D. Uncertainties

Relative uncertainties in our measurements, shown in
2 by the bars, are due to counting statistics, uncertaintie
the form factor, and uncertainties in the procedure for su
ming up the signal at different PSD positions. These rela
uncertainties are combined to obtain the total relative un
tainty at one standard deviation (1s) level @24#. In addition,
there are systematic uncertainties that do not affect the r
tive shape of the cross section curve. Thus the total abso
uncertainty is obtained by adding in quadrature the syst
atic uncertainty to the relative uncertainty and it is estima
to be 625% at the 1s level for points near the maximum
cross section.

E. Propensity rules

The measurements reported here are consistent with
propensity rules we have previously articulated@14–16# and
which we repeat here.

~1! The cross section magnitudes for obtaining H1(D1)
ions are independent of the numbern of H ~D! atoms in the
target ion.

~2! These cross sections all rise to very similar valu
@(1.3–2)310216 cm2] and remain independent of energ
after reaching this maximum up to 50 eV.

~3! Dissociation cross sections to produce D2
1 fragments

are about an order of magnitude smaller than those for1

production from CDn
1, NDn

1, and ODn
1. Although the H2

1

da

C
de
nt

,

ge

nt
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channel was not investigated here, we would anticipate
the basis of this rule that it will be about an order
magntidue smaller than found here for H1. Of course, this
remains to be investigated.

No explanations have been put forth for the fact that
cross sections for the different targets, despite these tar
having different threshold energies and different numbers
H ~D! atoms, rise finally to almost the same value and
main relatively flat over the energy range investigated.

We are not aware of any other measurements of disso
tive excitation and dissociative ionization performed
C2H1 and C2H2

1 ions.

IV. CONCLUSION

We report here the results of cross section measurem
for electron-impact dissociation of C2H

1
and C2H2

1 in the
energy range between 5 and 50 eV. The total expanded
certainty in the results is about625%. The technique tha
we have employed is specifically for measuring light fra
ment ions formed from breakup of small molecular ion
These measurements are a continuation of our earlier stu
of dissociation of molecular ions containing hydrogen. W
observe the same propensity rules as in our earlier inves
tions @14–16#: the cross sections for obtaining H1 ions
are independent of the numbern of H atoms in the target
ion and they all rise to very similar magnitude
@(1.3–1.7)310216 cm2# and remain independent of energ
after reaching this maximum.

The present measurements for C2H1 and C2H2
1 are not

compared with other measurements or theory since such
are apparently nonexistent.
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@16# N. Djurić, A. Neau, S. Rosen, W. Zong, and G. H. Dunn, Ph
Rev. A62, 032702~2000!.

@17# G. H. Dunn, inElectron Impact Ionization, edited by T. D.
Märk and G. H. Dunn~Springer-Verlag, Vienna, 1985!, p. 277.

@18# M. Menzinger and L. Wahlin, Rev. Sci. Instrum.40, 102
~1969!.
05270
.

@19# P. O. Taylor, K. T. Dolder, W. E. Kauppila, and G. H. Dun
Rev. Sci. Instrum.45, 538 ~1974!.

@20# D. A. Dahl, Computer codeSIMION 3D, Version 6.0, Idaho Na-
tional Engineering Laboratory.

@21# R. S. Gao, P. S. Gibner, J. H. Newman, K. A. Smith, and R
Stebbings, Rev. Sci. Instrum.55, 1756~1984!.

@22# W. A. Lathan, W. J. Hehre, and J. A. Pople, J. Am. Chem. S
93, 808 ~1971!.

@23# NIST Chemistry WebBook, Natl. Inst. Stand. Technol. Standar
Reference Database No. 69, edited by W. G. Mallard and P
Linstrom ~National Institute of Standards and Technolog
Gaithersburg, 2000!.

@24# B. N. Taylor and C. E. Kuyatt, NIST Technical Report N
1297, 1993~unpublished!.
9-5


