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Electron-impact dissociation of CH" ions: Measurement of C" fragment ions
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Absolute cross sections for electron-impact dissociation of @kbducing C fragment ions were measured
in the 3—100 eV range using a crossed electron-ion beams technique with total uncertainties of about 10% near
the cross-section peak. Although the measured energy dependence agrees well with two sets of storage ring
measurements, the magnitude of the present results lies about 15-25 % below the other results at the cross-
section peak near 40 eV. Below 10 eV, the present data tend to exceed the storage ring data, consistent with the
presence of excited states in the Clbn beam. For energies above 29 eV, the cross sections should also
include contributions from dissociative ionization, though no clear onset of this channel is evident in any of the
three sets of measured data.
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I. INTRODUCTION —CH* _C*+H". (4)

Collisions of electrons with molecular ions play an impor-  The first process, direct dissociative excitati@DE), in-
tant role in chemistry, particle and energy balance, and neuyolves a vertical transition from the initial state of CHo a
tral transport in low-temperature plasma environments. Irjissociative excited state. The second process, resonant dis-
particular, hydrocarbon ions are found in the divertor andspciative excitation(RDE), proceeds through the resonant
edge plasmas of fusion devices that use graphite for plasm@apture of the incident electron to a Rydberg state of the
facing componentfl] and may contribute to detachment of neytral molecule CE* which then decays by ejecting an
divertor plasmas through molecule assisted recombinatiogjectron and dissociating. Hereafter, we will refer to the first
[2]. They are also important in the chemistry of diffuse in-two processes together as simply dissociative excitation
terstellar and planetary clou@i8] and in the plasma process- (DE). Dissociative ionizatioriDI), the third process, is simi-
ing of diamond films[4,5]. Hence, cross sections for inter- |ar to DDE but ends in a dissociative state with two ion
actions of these molecular ions with electrons, atoms, angagments. The last process producing €agments, reso-
photons are vital for modeling and diagnosing these varieghant jon pair(RIP) formation, is expected to be negligible

plasma environments. _ . compared to the DE and DI contributions, based on RIP mea-
The production of C fragment ions by electron-impact syrements on other systelits-8).

dissociation of CH ions can occur by a number of different  The electron-impact dissociation of CHand CD' in the
channels: DE and DI channels has been investigated previously using
several techniques. Amitagt al. [9] measured the produc-
e+CH'"—e+C"+H (1)  tion of C" ions up to 40 eV at the Heidelberg Test Storage
Ring (TSR), but their results had total absolute uncertainties
of about 50% due to difficulties in measuring the ion current
circulating in the storage ring. Fordk Q] investigated the
dissociation of CD at TSR, measuring cross sections for
—e+C +H +e 3 production of C ions as well as C and D neutrals, also with
total uncertainties of about 50%. Djurét al. [11] measured
the sum of DE and DI for the BI/D " production channel

—CH** —e+C"+H 2

*Electronic address: bannisterme@ornl.gov using a crossed-beam technique; below the DI threshold
"Present address: Jet Propulsion Laboratory, 4800 Oak Growwhere DE provides the only energetically allowed channel,
Drive, Pasadena, CA 91109, USA. their results for the production of D were in excellent
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FIG. 1. Electron-ion crossed-beams experimental apparatus. See text for an explanation. The fragment ion detector and vertical deflector
are rotated 90° to the plane of the figure.

agreement with those of For¢k0] for the production of C  the only impurity ions in the analyzed beam wéfe" ions,
neutrals. Janev and Reitgt2] have recently published a comprising less than 1% of the extracted ions wittq
review of data for collisions of simple hydrocarbon ions and— 13 a5 estimated from th&c™* peak and known natural
neutrals with electrons and protons, including empirical for-apndances. Since the lifetimes of electronic and rovibronic
mulas for electron-impact DE and DI of CH along with gy cite states of CH[17,18 are much longer than the s
information about the thresholds and average kinetic eNefight time of the ions from the ECR source to the collision

gies of releaseKERs) for these processes. volume, the excited state population of the target'Gbins
The measurements reported here are absolute total cross

. ) . : iS essentially preserved from the ion source. Even operating
sections for the production of ‘Cions by electron-impact on S .
v . the source at minimal microwave power levels of a few watts
CH™. The measurements were performed using the ORNL

electron-ion crossed beams appardfig; 14 with CH* ions and with source pressures of order £0rorr, the electron
produced in a Caprice electron-cyclotron-resonatEeR) temperature in the E.CR dlspharge may be tens of e!ectron
ion source. Dissociation cross sections measured f@*H VoIt or more, producing a sizable fraction of CHons in
and D,O" ions using this apparatus have been repofi&d excited states, including higher vibrational levels of ¥i&
for heavy-fragment ion channels. The present results arground state and the’Il metastable state. Because il
compared with the measurements of FoftR] and Amitay ~ State has a lifetime of approximately 7[$7], it was not
et al. [9] as well as the analytical fits of Janev and Reiterfeasible to measure the population of these ions in the beam
[12]. extracted from the ECR source. The presence of excited
states has been found to have a significant effect on mea-
sured cross sections for the dissociative recombination of
CH™" [17,19, although less dramatic influences are expected
The electron-ion crossed-beams apparatus used for tfer DE and DI. Potential-energy curves for the lowest six
present study has been described in detail previqugiyl4,  States of CH are shown in Fig. 417,20-24 along with
but changes since the latter of these publications and issuéeir separated atom asymptotes.
specific to measurements of cross sections for dissociation of The ions are transported with magnetic and electrostatic
molecular ions will be discussed below. The apparatus i®ptics from the ECR ion source to the crossed-beams appa-
shown schematically in Fig. 1. ratus. Just before the collision volume the ions are deflected
electrostatically through 90° in a charge purifier to eliminate
any charge-exchange components in the beam. In the colli-
sion volume, the ion beaifl mm diameterinteracts at right
The CH" molecular ions were produced in the ORNL angle with an electron beam formed by a magnetically con-
ECR ion sourc¢16] using methane as a source gas. The iondined gun described below. Upon leaving this interaction re-
were extracted at 10 kV and mass selected with magnetigion, the parent and fragment ions are separated by a double
analysis. Mass spectra of extracted ions demonstrated th&icusing 90° sector analyzing magnet with a radius of cur-

Il. EXPERIMENT

A. lon and electron beams
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The overlap of the ion and electron beams in the direction
. perpendicular to both beanisertical direction was mea-

. sured with a slit probe moving through the center of the
. interaction region. Current profiles of the ion and electrons,
7 I;(z) andl4(z), were measured independently and numerical
integration yielded the form factd¥ needed for determina-
tion of absolute cross sections

3p) + Ht
CCP) £ HT f|e(z)dzj li(2)dz
+HEs) | - ' ®

f l(2)l;(2)dz

10 —

C+(2P)

Energy (eV)

B. Cross section determination and uncertainties

- xlz+ - The absolute cross sections are determih28] from
- | | | . measured quantities using
1 1
2 4 6 (o)
R (units of a,) U(E)ZK%E )

1. 2.2 ¢’
) |||e Ui +Ue €
FIG. 2. Potential energy curves for CHSolid curves are data
from Refs[16—20 shown with their separated atom limits and zero where o(E) is the absolute cross section at the center-of-
energy taken as the=0 level of theX'>" ground state. The mass electron-impact ener§y R is the fragment signal rate,
vibrational levels of thé®3. ~ state were calculated using the spec- I, andl, are the incident ion and electron currents, respec-
troscopic constants of Reff23]. tively, ge is the charge of the incident ions, andv, are the
) o _incident ion and electron velocities, respectively,is the
vature of 20 cm. This ensures that the collision volume isorm factor that is determined from the two beam profiles,

imaged at the throat of the fragment ion detector. THe C anq¢ is the channeltron detection efficiency for the product
product ions are deflected 90° by the magnet, then electrqys that we estimated to be 0g29].

statically deflected out of the magnetic dispersion plane and The systematic uncertainties in the experiment arise from
onto a 1.0 cm diameter channel electron multipi€EM). 5 number of sources connected to the measurement of the
The CI—!* primary ions are deflected less by the analyzingyyantities in Eq.(6) and are given at a level equivalent to
magnetic field and collected in Faraday cup 2, which is closggo, confidence level for statistical uncertainties. The largest
est to the fragment ion detect@ee Fig. 1 The postcolli-  contribution is from the detection of the*Cfragment ions
sion Einzel lens shown in Fig. 1 was grounded in the prese"(‘estimated at 59 this includes detection efficienay signal
study. , pulse transmission and discrimination, and dead times of the
The electron gun used for the present study is a magnetjetector and signal processing electronics. The transmission
cally confined model described previousf§4,25,28. A 414 collection of the fragment ions contributes an estimated
magnetic field of 250 G confines the electrons and yields @94 and includes possible losses due to fragment ions in the
uniform rectangular cross sectigapproximately 2 mm wide  (4j of the KER distribution. These first two uncertainties are
by 10 mm high over the 2 mm length of the interaction ¢onnected to the measurement of the true signal Rite)(in
region. Spiraling of the electrons is minimizfZb] by accel- g (6). The systematic uncertainty of measuring the absolute
erating them in a uniform electric field through a series ofform factorF is estimated to be 4%. Other contributions are
apertures between the indirectly heated planar cathode aRgy, geterminations of the ion curref@% including beam
the collision volume. The electron collector compriss a Stacﬁmpuritieg, electron current2%), and the ion and electron
of tantalum “razor blades” turned with the sharp edges fac-g|ocities(1% each. The quadrature sum of all these contri-
ing the interaction region; this design helps prevent backscagy tions s +8.5%. Combining this sum with the statistical
tered electrons from returning to the collision volume. Thencertainties at a 90% confidence level yields the total ex-

collector is also biased-300 V with a battery to minimize hanqed uncertainties for the measurements, typically about
the escape of secondary electrons. Typical electron curren%)% near the cross-section peak.

are 11uA at 10 eV and 23QuA at 100 eV. The electrons are

chopped at 1 kHz in order to separate the dissociation signal
from the relatively larger background count rate associated
with the ion beam. Measurements of excitation cross sections Upon dissociation of a molecular ion, the fragments share
using the configuration shown in Fig.[27] indicated that KER that is the result of redistribution of the excess internal
the net collision energy distribution is degraded from 0.4 eVenergy in the molecular ion after the collision with an elec-
of the gun[25,26] to about 1.5 eV full-width-half-maximum tron. Thus, a given fragment will have a velocity the vector
as a result of field leakage into the collision region from thesum of that of the target ion and a velocity component due to
postcollision ion deflector plates. its share of the KER. The maximum change in lab frame

C. Diagnostics
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Distance (mm) tion, one-half of the apparent signal is lost from the detector.
11.4 5.7 0.0 5.7 11.4 From these two observations and noting that the radius of the
. I . I . I . CEM is 5.0 mm, one can infer that essentially all the signal
10 _| is collected by the detector for a magnetic field of 2.72 kG
and the maximum displacemef ., of the fragment ions
[ 3 7 from the center of the detector due to the effects of KER is
08 I _ 4.5 mm. Thus, an upper limit can be estimated for the aver-
EE age KER for dissociation of the CHtarget ions by using
Eqg. (8). Noting thatr,=20 cm for our analyzing magnet,
06— — one obtains an upper limit of 3.8 eV for the average KER.
The KER also causes angular spreading of the fragment
i I ] ions, but this is mostly compensated for by the double-
0.4 — = _ focusing analyzer magnet. As demonstrated by trajectory
modeling using the computer prograsvion [31], the
spread of the € fragment ions at the detector due to KER
02 s - perpendicular to the target ion velocity is much smaller than
that due to KER in the parallel direction. Note that angular
effects of KER are sufficient, however, to cause significant
0.0 L | L | L | ! loss of H" fragment ions, which are not collected in this
2.68 2.70 2.72 2.74 2.76 experiment.
Magnetic Field (units of kG) The voltage applied to the final vertical deflector that di-
rects the C fragment ions onto the CEM was also scanned
FIG. 3. Apparent dissociation cross sections as a function of th¢g test sensitivity and centering of 'Cions steered in this
analyzing magnetic field. Measurements were made at a center-oflement. The apparent cross section did not change for sev-
mass energy of 100 eV and the error bars represent one standagga| hundred volts on either side of the valigs5 kV) used
deviation relative uncertainties. for taking the present data.

. . The high background count rates of 5—6 kHz/nA due to
momentum oceurs when the _correspondlng a-ldo!ltlonal- MOGissociation of the CH ions on residual gas in the collision
mentum Ap is parallel or antiparallel to the incident ion o\ ,me necessitated limiting the incident ion current. By
momentumPy. In this case the dispersion of the fragment oaqring the apparent cross section as a function of the
ion by the analyzing magnet causes a horizontal displacgyta detector count rate, it was found that full signal could
mentAx at the detector which is given by be maintained with count rates of 70 kHz, but increasing it

Ap beyond 100 kHz caused a reduction of greater than 10% due
Ax=Drg —, (7) to reduced gain of the detector. Lowering the total count rate
0 further, to below 20 kHz, did not yield any increase in the
apparent cross section. Hence, most of the present data were

KER with qf b and taken with ion currents of 10—12 nA and count rates in the
with parent and fragment massbk and m, respec- g4 70 kH; range to minimize the time needed to reach a

tively, ro is the radius of curvature of the analyzing rT'agmat'given statistical precision in the data while maintaining de-

andD is the dispersion coefficient. For the present Conf'g“'tector gain and limiting dead-time corrections of the elec-

ration, a double-focusing 90°_sect0r magngt With entrance.qnics to less than 7%.

and exit angles of 26.5° and image and object distances of g position of the Faraday cup that collected the primary

2ro, the dispersion coefficient is[80]. Applying conserva-  jon heam was optimized to maintain the full current and

tion of energy and momentum to the fragmentation procesg;igna| while minimizing the ion background on the detector.

one finds that the maximum horizontal displacementis  parameters for the electron chopping such as frequency, volt-

112 age, and delay times were also varied and found to have a
' (8) negligible effect on the measured cross sections.

Apparent Cross Section (10'16 cm? )

where po=(m/M)P, is the fragment momentum for zero

A 4 (AE M—m
X = r S ——
max 0 Ei m

where AE is the KER andE; is the energy of the incident
(parenj ion.

Measurements of the apparent dissociation cross section Absolute cross sections for electron-impact dissociation
at a center-of-mass energy of 100 eV as a function of thef CH" ions producing the € fragment for energies up to
analyzing magnetic field are shown in Fig. 3. The axis at thel00 eV are shown in Fig. 4. The present measurements, the
top of Fig. 3 indicates the distance that the center of thesum of the DE and DI channels, are indicated as filled circles
fragment ion peak is moved from the center of the detectoand are shown with one standard deviation relative error
by the analyzing magnetic field. The fragment ion peak carbars, except for the point at 60 eV, where the outer set of
be moved 1.2 mm in either direction without any loss oferror bars represents the total uncertainty of about 10%. The
apparent signal from the detector. At 5.7 mm in either direc-upper and lower solid curves represent the storage ring mea-

Ill. RESULTS
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2.0 — T — T b33~ state into thec 33 " repulsive state following a verti-
cal transition from thea °I1 state(see Fig. 2 This process
would require excitation to the=4 tov =10 levels[23] of
] b33~ in order to reach the 33" dissociative state and
would yield KERs in the range of 1.4-2.5 eV, consistent
7 with the upper limit of 3.8 eV deduced from Fig. 3 and Eq.
E | (8). The opening of this channel would occur at about 2-5
[) - eV, depending on the rovibrational level of the initafII
- state molecular ion. Although this pathway is also open from
the ground state, the cross section for excitation tdotfe -
05— { state should be smaller from te'S, ground state than from
the a °I1 metastable state since the singlet-triplet transition
would require a spin flip.
0.0 J N The empirical cross sections of Janev and Réit&f ex-
U LJ ” ceed the present data by a factor of 2—4 below 20 eV, sug-
- T gesting they have overestimated the contribution of RDE for
05 Gy a ol . Ly u this collision system. Likewise, their sum of DBBDE and
) 5 10 20 50 100 RDE) plus DI exceeds the present measurements by a factor
Electron Energy (eV) of almost 2 at 100 eV. Perhaps the present data_along_v_vith
the storage ring results can be used to refine their empirical
FIG. 4. Absolute cross sections for the production 6f ftag-  fits, particularly the relative contributions of RDE and DDE
ment ions by electron-impact dissociation of Chbns as a func-  as well as the ratio of the Cand H" fragment channels for
tion of center-of-mass energy. The filled circles are the present meddE of CH".
surements shown with one standard deviation relative error bars. Above the DI threshold of 29 e\[32] the present
The outer error bar at 60 eV represents the total uncertainty at gmeasurements are the sum of the DE and DI channels
90% confidence level. The upper and lower solid curves represefroducing C fragment ions, although no clear onset of the
the storage ring measurements of R¢®4.and[10], respectively.  pj contribution can be seen in Fig. 4 for any of the three data
sets.

Cross Section (10’1‘5 cm? )

surements of Amitayet al. [9] and Forck[10], respectively,
for production of C ions.
For energies above 15 eV, the energy dependence of the IV. CONCLUSIONS

storage ring measuremeri3,10] is similar to that of the Absolute cross sections for electron-impact dissociation
present results, but the magnitudes of F4tk® and of Ami-  of CH* jons producing C fragment ions have been mea-
tay et al.[9] lie about 15-25 % above the present value forg;req with the ORNL crossed-beams apparatus with a total
the peak of the cross section near 40 eV. Considering thgypanded uncertainty of approximately 10% near the peak.
large total uncertainty of the earlier data, estimated at 50%rpe storage ring measurements of Fof@k] and Amitay
those data are in agreement with the present results. For_e@t al.[9] are about 15-25 % higher than the present results,
ergies less than 15 eV, however, the present cross sectiopgt the discrepancy is within the combined experimental un-
tend to remain high as one approaches the dissociation egertainties. The low-energy behavior of the present data sug-
ergy of 4.08 eV for ground-state ions, which is consistenyests a significant population of target Chbns in excited
with the presence of excited states in the Tidn beam  giates, both electronic and vibrational, as expected for an
produced in the ECR ion source for our experiment. The iON=cR ion source. The dispersion pattern of the fBagment
source used at TSR for the work of Forck and Ammagal. ions in the analyzing magnetic field yields an estimated up-
produced an estimated 60-70% of Chbns in thea®I1  per |imit of 3.8 eV for the average KER. Future investiga-
metastable state, although after storing the ions for 10—-20 $ons will include CH™ ions produced by a cooler ion source

the estimated population was only 5-10% of the total ionj order to study the influence of excited states, both on the
current during the cross-section measurements. The populgygss section and the KER.

tion of thea *I1 metastable state could be much higher than
5-10% in the present experiment, and higher rovibrational
levels within thea 31 state may also be populated.

The measured cross section is nonzero below the thresh-
olds for vertical transitions from th¥ 'S, ground anda 3I1 This work was supported in part by the Office of Fusion
metastable states at 9.7 eV and 8.6 eV, respectively, sugge&nergy Sciences and the Office of Basic Energy Sciences of
ing that RDE plays a role in dissociation in the low-energythe U.S. Department of Energy under Contract No. DE-
region. However, one should note that the vertical transitiorAC05-000R22725 with UT-Battelle, LLC, and Contract No.
thresholds for thex 13 anda Il states will be lowered by DE-A102-95ER54293 with the National Institute of Stan-
the presence of ions in higherlevels. Another mechanism dards and Technology. Y.S.C. was supported by the Korea
that may contribute at these energies is the dissociation of theesearch Foundation Grant No. KRF-2002-041-C00061.
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