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Absolute cross sections and rate coefficients have been determined for dissociative recombination of elec-
trons and CO ions for energies from 1 meV to 54 eV. We found values sf¥ 12 cn? at 1 meV and 10%°
cn? at 1 eV, with an essentially E/energy dependence. Branching ratios over the final atomic product states
have been determined using a position- and time-sensitive imaging system. At zero eV collision energy the
predominant yield is to ground-state atomic fragmé&n&90). At higher collisional energies the branching ratio
to the ground-state limit is reduced. A new limit, D) + C(*D), opens up and branching to the ‘@)
+C(*D) limit increases. Cross sections are also determined for dissociative excitation'ofT@@rmal rate
coefficients are deduced from the dissociative recombindfi#®) data, and compared with measurements in
the literature. Consideration of both the theoretical and spectroscopic data in the literature giving information
about the potential curves along which DR may take place reveals both a paucity and disparity of the data.
[S1050-294{P8)06806-1

PACS numbg(s): 34.80.Gs, 34.80.Kw, 34.80.Lx

I. INTRODUCTION From the above, it follows that detailed knowledge of the
different pathways leading to the formation as well as to the
Carbon monoxidéCO) is the second most abundant mol- destruction of CO is needed. This publication presents data
ecule in the universe after molecular hydrogen, and it ison the destruction through dissociative recombinatidR).
present in a wide variety of astrophysical environments, fromOur findings suggest that DR is an efficient process. Already
the hot diffuse clouds to the denser and colder moleculatwo decades ago, this process was invoked in a model of
clouds such as the dark clouds and the giant molecular contarbon production in cometary ionosphefék At that time,
plexes associated with Hregions. Since His not directly  ultraviolet spectra revealed a substantial amount of reso-
observable, CO is used as a tracer to map the molecularance scattering at 193.1 nm from metastabléDJ(atoms
hydrogen in the Milky Way as well as in other galaxies, a[5] (lifetime 3200 $ from the ionospheres of the comets
procedure performed basically by means of millimeter radiokahoutek (1973 and West(1976. Since the dominant de-
astronomy techniques. Observations also show CO in oth&truction mechanism for CO was thought to be photoioniza-
astrophysical objects such as circumstellar envelopes, bipolgion rather than photodissociation, Feldman suggested that
flows associated with birthplaces of stars, and planetary athe DR of the CO ions could be a source of the metastable
cometary atmospheres. In all these media, its abundance witarbon atoms according to the second of the four exothermic
respect to His determined mainly by the photodissociation channelq4]:
rate in the ambient UV radiation field. On the other hand,

singly charged carbon monoxide has been detected so far in CO* +e—0(°P)+C(°P)+2.92 eV (1a
only a few astrophysical environments, for instance toward

the interfaces between molecular clouds and Iegions —0OCP)+C(*D)+1.66 eV (1b)
around massive O stafd,2]. In addition, its abundance

compared with other ions was determined to be rather small, —0O('D)+C(3P)+0.96 eV (10
which can be understood in the framework of fast conversion

of CO" into HCO' by reaction with H. Hence, CO is —0O(CP)+C(1S)+0.24 eV. (1d)

usually of significant abundance only in the hot layers of

photon-dominated regiongalled PDR’$, where a signifi- The energies of these reactions pertain to"Gits ground
cant fraction of hydrogen is present in atomic form. Veryvibrational state and at zero eV collision energy. Feldf#dn
recently, CO was also detected toward a PDR associatedised in his model calculations a value for the DR thermal
with the reflection nebula NGC7023, in the vicinity of a Be rate coefficient of X 10’ cm® s~ at 300 K(this happens to
star[3]. Its presence in such an environment remains mystebe close to the value measured in this papke also as-
rious, since a Be star cannot provide the photons to photssumed the branching ratidb) to be unity in order to fit the
ionize CO. C(*D) from the comet Westthis we found to be incorrect
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In comets, dissociative recombination may not be the onlacted over a distance of 85 cm with a 64.7-eV, 1.45-mA,
destruction pathway. The ion CQeacts also with KD, and  4-cm-diam continuously renewed electron beam. Electron
water is another abundant cometary compound. The presenceoling [13], that is the reduction of the phase space of the
of CO" was established in the outer coma of comet Halleyion beam by momentum transfer between the “cold” elec-
[6]. In the latter observation, neither the dissociative photoiron beam and the “hotter” ion beam, was not efficient
ionization of CO, CQ, nor CH,, nor the photodissociation Within the time scale of the experiment. The ion beam
of these molecules followed by photoionization of carbonhalflife time of about 1.75 s was, however, large enough to
atoms could account for the measured abundance’'ofNo  &llow the data acquisition. .

mention was made of DR as a mechanism to provide the During the data acquisition, the velocity of the electron
carbon atoms that in turn would be photoionized. Given th E?iqu]e dlsce(,-::taerr]-goeffjmzcs)strc]g;[lis(,ail)er(\:t;%trlgiré chlr“eSIthsail?; dw?l'”r;e
:ﬁrgce+ lf)oF:n::'gaosnrrenpgrtsg :ggggrggise?t paper, the role of Daifference between the velocities ofthe ion and electron

A diff . < th t carb d eams is called the detuning energy, and is associated,
A different issue Is the escape of carbon and oxygen and,, e |ativistically, with the detuning energy according to
their compounds from Mars in time, McElroy, Kong, and

) , Ed=mev§/2. In the initial, “cooling” phase of an injection
Young [7] mentioned the DR of CQ as a mechanism t0 cycje the detuning velocity is zero. After about 5 s, the elec-

produce sufficiently fast carbon and oxygen atoms. Escapgyn peam velocity is changed so that becomes different
due to dissociative recombination seems well established fGfom zero. These electron cooler jumps are performed five
the case of M™ [8]. This mechanism may even explain the times per injection cycle during time windows of 200 ms,
difference between Earth and Mars of the iSOtOpiC rat and a|WayS to the same detuning energy. After 10—-15 min
to “N, because of a preferential escape of the light®  the measurement is terminated; the electron cooler is now set
isotope from the martial atmosphdi@]. to jump to a different detuning energy, and a new set of data
This paper also presents the result of dissociative excitgs recorded. The spread in the noncooled ion velocities of
tion (DE), which has an onset at an electron energy of 12.%pproximately Av/v=10"3) does not contribute signifi-
ev. cantly to the spread in collision energies. The contribution to
The experiments presented in this paper were carried oghe energy spread is 25 meV at 10 eV, 2.5 meV at 0.1 eV,
at the heavy-ion storage ring CRYRING, located at theand 0.25 meV at 1 meV relative collision energy. Thus, the
Manne Siegbahn Laboratory at Stockholm University. Thespread in collision energies is entirely dominated by the
remainder of the paper is organized as follows. The eXperitransverse{le=1O me\) and longitudinakk T,=0.1 me\j
mental description and the analysis procedure are given iBnergy spreads in the electron befdrl]. The center-of-mass
Sec. Il. Section Il describes the observed dissociative 'ecollision energy is not well defined for energies be|k)ﬂvL .
combination cross sections, the final state product branching/henE, is larger tharkT, , the center-of-mass energy ap-
ratios, and dissociative excitation cross sections. Section I\yroaches the detuning energy. It is noteworthy that the de-
provides further discusion of the DR results, comparing themyning energy can be smaller th&, . We have followed
with earlier thermal rate measurements and discussing pat@pmmon practice and used the detuning energy as the energy
ways and mechanisms for the processes. scale.
The storage time ensured that the COns are in their
electronic and vibrational ground states. The ‘¢ 23 1)
ions have a sizable dipole moment of 2.77 D; vibrationally
The experiments have been performed at the CRYRINGXxcited molecules can fully relax to the ground state by in-
(CRYogenic RING heavy-ion storage ring at the Manne frared radiation. Electronically excited states also have re-
Siegbahn Laboratory. A stored circulating ion beam islaxed in our experiment. Such contaminatidese the later
merged with an electron beam over a known distance andiscussion of dissociative excitation DEay have occurred
with a variable relative energy. The rate of neutral produc4n previous single-pass experiments by Mitchell and Hus
tion by electron-molecular ion interactions is used to extracf14]. According to Desquelles, Dufay, and Pouliza8] and
the rate coefficient of the process under study. An imagingo Bennett and Dalby16], the B 23" state has a mean
detector is applied to extract final state information of thelifetime of 45 ns and is thus of no concern. TAe?Il state
atomic fragments. The storage ring and data analysis procelecays much more slowly than thg state, with lifetimes
dure were described in detail in previous publicatiph8—  that were measurdd 7—19 for individual vibrational levels
12], so that only the main features will be given here. ranging from 3.82us (v=0) to 2.10us (v=9). In our case,
measurements did not began Uiis after injection of the
ions. The present results definitely relate to the
CO*(X 23",0=0) ground state, a fact that was confirmed
A CO" ion beam was produced in a hot-cathode dis-by the three-dimensional imaging datee Sec. Il B.
charge ion sourcéMINIS) with an energy of 40 keV. To DR and DE events were observed by detecting the neutral
avoid possible contamination with,N ions (same mass to fragments produced within the interaction regi¢in the
charge ratio,A/q), we chose to study*C*®0O* produced present case C and)Orhese product neutrals leave the stor-
from electron impact of*C'®0. After mass selection, the age ring at the first dipole magnet located downstream of the
ions were injected into the ring and further accelerated to arlectron cooler and enter the so-called 0° arm. In this arm are
energy of 0.116 MeV per atomic mass unit, which corre-located both an energy-sensitive surface barrier detector
sponds to a full CO energy(FE) of 3.423 MeV. At each (SBD) and a three-dimensional imaging detector to study the
passage through the electron cooler region, the ions intekinetic energy released in the center-of-mass frame.

Il. EXPERIMENT

A. Cryring
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2 —ew T T The circumference of the ring and the length of the interac-
20001 Tom tion region are respectivelg =51.6 and.=0.85 m, and the

i electron density i$1,. The electron beam is run in a fixed
current and diameter mode, so timatdecreases inversely as
the velocity of the electrons. The rest gas destruction rate per
ion and unit time iRg and is proportional to the ratio of the

13C 16O (or 13C+16O)

1500

Intensity (arbitrary units)

Lo v b s L b

13
10007 i background count ratdP,,/dt to the absolute ion current,
i both recorded at the same tim&; was found to be
s00r 13.5x10 3 s L
C The DE rates were obtained by subtracting the contribu-
ol Ay N N S tion due to rest-gas collisions from the observed background
0 1 2 3 4 5

countsP,,. The increase in count rate was measured apply-
ing electron cooler jumps in an MCS measurement. The
FIG. 1. MCA spectrum. The peak at full beam enef§) of  number of DE counts in the background pégle, is used in
3.4 MeV, P3, reflects the DR signal. The peaks at lower energy area relation similar to Eq(2) to calculate the DE rated0].
due to collisional backgroun®,. The only difficulty in the analysis is that DE counts and the
“trapping” contributions in the MCS are convoluted within
one jump. However, one can use the fact that the trapping
Figure 1 displays a typical multichannel analyzBICA)  contribution is time dependent. Initially, at time zero after
spectrum(recorded during a number of time gates in eachthe cooler jump to the detuning energy at which DE is going
injection cycle with three different peaks corgesponding, r'e-to be measured, the number of trapped ions is the same as
spectively, to the C fragmentenergy equalsi FE), the O pefore the cooler jump. Since the electron energy has been
fragments(16/29 FB and the G-O (or CO) fragments(en-  changed, and since the ionization energy changes with elec-
ergy equals FE The data protocol described previouB¥] 4o energy, the number of trapped ions then starts to change.

was used here, wherein the iqn current is measured only on erefore, the DE contribution is determined by the count
during the measurement while simultaneous measuremen Ste recoraed promptly after the cooler jump

were made of the FE peak and the fractional FE or "back- The variable amount of trapping of ions affects the so-

ground” peaks. The background peaks were then usegalled space charge correction in the electron beam and

throughout the rest of the experiment as indicators of thehence the electron energy on the axis. Because of the ab-

magnitude of the ion current in the ring. In this experiment, 4 o »
thegC and O fragment peaks were u%fortunatelypnot Com§ence of phase space cooling, the d.et.e rmmauon of the “cool-
pletely resolved, i.e., the SBD peaks overlapped each othef)d ENergy was performed by maximizing the observed DR

d . rate. In principle, the laboratory electron energy is nonlinear
see Fig. 1. Thus, for the background peak,' we comb!ned thfaZO] due to the space charge of the electron beam as shown
C and O fragment peaks. The lali®], pertains to the inte-

grated number of counts in that combination peak, and we! Eq. (3), which gives the energy at the center of the beam:

denote the integrated number of counts in the full energy

peak(DR) by P;. The integrated number of courf, and |rmuc2(1— £(E.))

P3 obtained from the MCA spectra contain unwanted contri- E,=eU,— —— “Ll1+2In(b/a)]. (3
butions, leading to the subscript “cor” in E€2). P15c,and €Ue

P3cor are thus the integrated number of counts after correc-

tion, described as follows. Charge transfer between the rest

gas(mainly H,) and CO' gives nonsignal counts iR;. This ~ The electron current, classical electron radius, electron rest
is quantified by recording this peak in a multichannel scalefnass, and electron velocity are, respectivély(here 1.45
(MCS) spectrum(recorded during the whole injection cygle MA), fe, MC?, andv,, whereas the diameters of the elec-
whilst turning the electrons on and ¢ff2]. The background tron beam and the beam tube are respectigetyt cm and
peakP, is affected at elevated collision energies by DE ando=10 cm. The potential of the cathodé; is basically the
quantified recording the background count rate using th@pplied voltagev, minus a contact potentiap., and£(E)
MCS. A small background comes from positive ions trappeds @ correction to the space charge density due to trapped
in the electron beam. The amount of trapped ions changesjow ions originating from ionization of the background gas
with electron energy since the ionization cross section variekl1]. For the conditions in CRYRINGE(E,) is of the order
with electron energy. The contribution to the count rate inof 0.25. Equation(3) is used in an iterative procedure to
the background peaks from trapped ions was observed whilebtain the correct electron energy. The resulting energy un-
switching the electrons on an dff4=0 eV) while monitor- ~ certainty is of the order of 0.05 eV at 1.0 eV collision en-
ing the P, peak in an MCS measurement. The “trapping €rgy.

effect” was found to contribute very little té&,, in these

measurements. It has been shdwif] that the absolute DR

Ion beam energy (MeV)

B. Data analysis procedure

rate coefficient(in units of cn? s™%) is given by the simple C. Position- and time-sensitive imaging system
relation A position- and time-sensitive imaging system records the
separation between the fragments, and their arrival-time in-
Ror=Rs i Pacorr ) 2) terval. This detector is positioned 6.3 m behind the electron
Nel |P12cor cooler[12]. DR fragments hit the first of a stack of three
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multichannel platedMCP diameter=25 mm), the signal 10° . . . .
from which produces flashes on a phosphor screen. A CCD
(charge coupled devigeamera is used to image the phos- * 0

phor and the fragment separation can then be determined. » '
From the distance between the fragments, their kinetic en-
ergy is determined which enablésee reactions (4)—1(d)]

the identification of the dissociation limit. The detailed shape
of the distribution of fragment separations over such a detec-
tor has been described elsewhg2#]. Timing information is
ascertained from gold strips that have been evaporatively i
coated onto the surface of the last MCP. The strips are trans- $
lucent to electrons, but the transit of an electron cloud }
through one of the strips produces enough of a signal so that 10 = = " '
when amplified, a single channel of a 16-channel constant
fraction discriminator(CFD) can be triggered. The timing
information is correlated with the correct CCD frame 10 g 2 Absolute dissociative recombination rate coefficient.
build the 3D picture. More details can be found in Peterson ¢ ) shows data taken far,>vions and (O) shows data taken for
et al. [2]. The method of analysis of the distributions from ;, <. = The maximum observed rate defined our zero detuning
the imaging detector is the same here as in REf] on the  energy.

DR of N,*. A brief resume of that procedure will thus suf-

fice. In addition to the statistical relative uncertainties, there are
The fragments from a DR event that occurs when theyiso absolute systematic uncertainties which must be consid-
molecular axis is aligned with the beam velocity will result gred. The systematic uncertaintyRa (ion current measure-
in a maximum difference in time and the smallest separationmeny is estimated to be about 3% new pickup coil22]
while those that come from a molecule that is perpendicutas been installed since previous measuremehis circum-
larly aligned to the beam axis will arrive simultaneously, ference is uncertain to less than 1%, the electron current is
with the maximum separation. In our spectra the timing meameasured to 2% accuracy, and the current distribution is un-
surement is used as a selection criterion, rejecting events thé‘értain[zs] to no more than 7%, and the uncertaintyLiris
give rise to fragments with an arrival time interval greaterggtimated to be on the order of 10%. Combining these
than 800 ps. This effectively generates spectra from thosggyrces of error yields a total systematic uncertainty of about
events that have their dissociation angle more or less perpeRgos estimated to be at a level equivalent to endhus, the
dicular to the beam axis, and eliminates the long tails that arg,hole curve in Fig. 2 could be shifted up or down by 13%
a trademark of two-dimensional distance spectrum, in whichyithin the uncertainty.
no timing information is obtained. The rate coefficient is a convolution of the relative energy
We compare observed spectra with model distance distrigistribution with the cross section for DRgv). Knowing
butions in which the finite timing resolutioWHM~550  the yvelocity distribution of the electrons, it is possible to use
ps), and the spatial resolution of the detedte0.13 mm are  geconvolution procedures, which have been previously de-
taken into account. Also, the detection efficiency, which is ascribed[10,23 to obtain the DR cross section for COAb-
function of distance due to the ion beam size and the detecty|yte cross-section results are shown in Fig. 3. Figure 3 also
size, is taken into account by mapping the effective detectoggntains the single-pass measurements of Mitchell and Hus
area. For small kinetic energy relead@s this study<0.6  [14]. This deconvolution procedure sometimes introduces
eV) the rotational temperature gives an observable broadef,anted structures. The magnitudes of the cross sections as
ing. We used a 600-K rotational temperature in qualitativeye|| as the power-law energy dependence should be correct,
accord with the ion source characteristics. A backgroundyyt features in the cross section that do not show up in the
spectrum(taken with large electron cooler jumpsas been  ate coefficient should be considered with caution. The struc-
measured separately and is dominated by random coinciyre 4t 0.15 eV is seen in the rate coefficient data, and is real.

dences. The figure also shows the cross section obtained by dividing
the rate coefficient with the detuning velocity. The overall
lll. RESULTS AND DISCUSSION energy dependence is found to folldiy,%°, which is very
A. Dissociative recombination close to theE_} predicted for the “direct” mechanism of

) ) DR [24]. The disparity in magnitude between our data and
Figure 2 presents the DR rates as a function of the centefy, ) oo by Mitchell and HuEL4] is discussed later.

of-mass energy. For a given center-of-mass collision energy,
one can run the electrons either sloweegative electron
energy jumpgsor faster(positive electron energy jumpthan

the ions. The electron beam at zero collision energy had an The final state distributions of the fragment from the DR
energy of only 64.7 eV. Experiments with negative jumpsof CO* have been measured for four different center-of-
were only possible over a limited range. The center-of-masgass collision energies. For zero-energy collisions there are
collision energies have been corrected for the space chardeur energetically allowed limits, see reaction&@+1(d).
effect[20] described in Eq(3). The error bars in the figure For two of the higher collision energies, at 0.4 and 1.0 eV,
are purely statistical at the orelevel and thus represent the for which spectra have been measured, there is an additional
relative uncertainty, or uncertainty in thghapeof the curve.  channel available, leading to the limit &)+ C(*D) (en-

._.
<,
4
T
4
L

Rate coefficient (cm ’s”)

Energy (eV)

B. Final-state branching ratios
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107F ' ' ™3 TABLE I. The table shows the final state distribution for four
relative collision(detuning energies. For the 0-eV collision energy
102k 4 the statistical error is about 5%. At the other collision energies,
because of less statistics due to lower DR cross sections, the error is
@ otk ] 30%.
=
3 ol ] Limit E4 (eV) 0 0.4 1.0 15
Q
% O(’P)+C(3P) 76.1% 53% 39% 38%
© 10" 3 O(P)+C(*D) 14.5% 34% 35% 35%
O(*D)+C(P) 9.4% 8% 15% 11%
107 3 o(P)+C)(*s) 0.0% 0% 5% 5%
e 0 o w o(*D)+C(*D) 5% 6% 11%
0(*s)+C(°P) 0%

Energy (eV)

FIG. 3. Absolute dissociative recombination cross section bePe€rcentages are the result, for different kinetic energies re-
tween 1 meV and 1 eV. The full drawn line shows the cross section€@sed, of a modeling procedure that accounts for the beam
as derived from the measured rate coefficients, using a deconvol@nd detector size, and the different amounts of data rejected,

tion procedure described in Refd.0] and[23], with the following ~ due to the timing selection. Hence, the reported branching
electron temperaturekT,=0.1 andkT, =10 meV. The dashed line atios do not reflect the intensities in Fig. 4. We note that the
shows the cross section derived by dividing the measured rate célistribution spectrum excludes the presence of vibrationally

efficient by the relative velocity( 4 ) shows data from Ref14]. excited CO.
Figure 5 shows the results of the measurements recorded

at the collision energies: 0.4, 1.0, and 1.5 eV, respectively.

dothermic at 0 eV collision energy, with an enthalpy changeThe sharply reduced count rates at elevated electron collision
AH=+0.3 e\). And for the collision energy of 1.5 eV there energies is reflected in the reduced quality of the spectra.

. L . L 3 Independently, a background spectrum has been determined,
s qurz_’hg))llmlt available resulting in G8)+CCP) (AH "85 e of which is subtracted, The background intensity

The distribution of distances measured at 0 eV collisions. &> used as a parameter. This has resulted in the negative

is shown in Fig. 4. Clearly, it can be seen that at this energ data points. The data are of reasonable quality and show a

: L 7 ; ¥lear correlation in the shift and position of the peaks as the
dissociative recombination mostly results in ground-state

. 3 3\, collision energy is increased. The trend in branching is thus
2%0;?'%];&3\2%?;%2; dPt)o+tr(1:i(s Il:l)r)n]l(ﬂrg(%e _trt;]aénlgzlir;ee?(té?;t:rr_s clear. The extracted branching ratios are also given in Table
mic limit [reaction 1d)] is not observed. The other two dis- L L L B AL B ]
sociation limits, OfP)+C('D) and O&D)+C(3P), have OCP#C(D) - OCPRCCR
yields of 15% and 9%, respectively, see Table I. The error in ; ]
the fit to the 0-eV spectra is estimated to &% of the
branching ratios. It is useful to iterate here that the branching

100 - o¢py+ccp)
L ]

T v T T !
a0l * Dam * oc’p+cip) |
Model Spectrum 76%
\ ]
W
300 1 =
=
o}
[2] 03P 1
£ CP+C(D
3 2or o(D)+CCP) 1
L )
O 9% Y 2 : i
! Ei=15¢V]
100 |- - - ! .
o’P+C('s) .
0% 0. _oe®®
0 ~ P A
1 1 1
0 5 10 15
Distance (mm) 0 2 4 6 8 10 12 14 16

Distance (mm)
FIG. 4. Distance spectrum for branching fraction determination.

(@) shows data taken at 0 eV detuning energy; the full drawn line FIG. 5. Distance spectra for various electron collision energies:
shows a fit with correction for timing cut off and detector effi- upper spectrum 0.4 eV; middle spectrum, 1.0 eV; and lower spec-
ciency. Note therefore that the distribution does not directly reflectrum, 1.5 eV. Note that the best model spectrum in the lower spec-
the branching. trum used an energy of 1.4 eV.
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T T T T T T 4
3.0x10™F 1 ]
“= 2.0x10"} . % } [ - 1 C+(2P)+O(IS);
g / . C(3P)+o*(‘S)_:
8 -16 > ]
5 1000" ] © C'CP)+O(DY
9] > ]
%D CCP)+OCPY]
00 > (P)+OCPH
L
0 20 e %0 50 = ]
Energy (eV) 5 J
= ]
FIG. 6. Absolute dissociative excitation cross section between 0 A~ ]
and 50 eV.(#) this work; (O) data from Ref[14]. Note the dif- ]
ference in threshold behavior. -
I. The branching ratios change markedly; the branching to §
the lowest OtP)+C(3P) limit decreases. Not only a new S S B I I I TPV I
dissociation limit opens up, the €m)+C(*D) limit, but 10 12 14 16 18 20 22 24
also the branching to the é®)+ C(*D) limit increases. It Internuclear separation Q)

should be noted here that the statistical error in the fitting

procedure for the distributions recorded at elevated collision FIG. 7. Potential energy curves relevant for dissociative excita-
energies is quite large-30%), caused by a large reduction tion taken from Ref[26].

in DR rate and mainly due to the uncertainty in the back-

ground. One should also note here that the error includes thtgtmn of diatomic ions. The data from Mitchell and Husl]

error that arises from the fact that the fragmentation proce gre also consistent with this magnitude. The only difference

can have different angular distributions. By mapping thgf%etween the two sets of data is in the location of the thresh-

. L : old for the direct excitation. Although one has to be ex-
a}ngle dls_trlbytlon for a ce;tam kinetic energ.y.release_z WIthOUttremely cautious due to large uncertainties on both sets of
timing rejection, one can infer that recombining €@isso- d?oints the low threshold5.3 e\) measured for the single

8'?SSF'i?tégﬁ;g%gér,]]gr]eig:?;frgf;hmﬁiérgﬁ;r;,gt]e gg;?)l Jass experiment may reflect internal vibrational or electronic
) 9 9 P excitation. The transit time in a single pass experiment is

e oy ST 0 e s et o1-3 5.
and the mc’)IecuIar axii25]. At 0.4 eV collision energy, at F|gur.e 7 contains a number of potential curves calculated
low fragment distances é 600-.K rotational temperafure oP y Honjou and Sa}sal{|26] that may peqr relevance to thg
the CO" molecular ions ,has been used in the model _results presented in this paper. The ionic ground state bind-
' ing energy allows DE to occur at about 8.5 eV from ground-
state CO. Even if one considers electronic transitions in the
Franck-Condon region, DE may happen via excitation of the
As described in the analysis procedure section, the DEII(Il) state at about 9.2 eV and via the& *(Ill) around
data were taken in the MCS mode and are the sum of counts.4 eV. The measured threshold seems to be more in the
registered for both 13/29 and 16/29 of “full energy” peak region of 12.5 eV. This may indicate transitions to the group
heights from the SBD. As mentioned, we could unfortu-of curves around théll(lll), 2I1(1V), and *II(V) states. In
nately not separate the dissociative excitation channels number of systems resonant dissociative excitation has
C+0O" and O+C™". The cross sections for the DE of CO been observed. In this process, the electron is captured in a
are presented in Fig. @illed diamond3 together with the neutral doubly excited state that lies in both the ionization
data of Mitchell and Hu$14] (open circlex The measured continuum and the dissociation continuum. A proportionality
DE rates were converted into absolute cross sections by dbetween the DR and DE cross sections is a signature of this
viding the rates by the corresponding relative velocities. Thigrocess. There is no evidence of this in our data. The absence
procedure is justified, because the spread in relative energied a maximum in the DR cross section around 8 eV may
is very small compared with the energies under consideratioimdicate that there are no neutral states with a large capture
(>9 eV). The rates have been corrected for the changes iwidth in this region.
the electron densitydue to different electron velocitigand
the relative velocities for the space-charge effect mentioned IV. FURTHER DISCUSSION OF DISSOCIATIVE

C. Dissociative excitation

above[20]. Again, uncertainties shown by the error bars are RECOMBINATION
statistical only at the one level. i
Our measured cross sections rise at a threshold around A. Thermal rates and comparisons
12.5 eV to a value of about>210 1 beyond 25 eV. This is Dissociative recombinations of CChas not been studied

a magnitude typically encountered for the dissociative excinearly as much as other common diatomic ions suchs,N
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NO*, O,*, etc. The reason for this is unclear, however, p ' T
perhaps part of the reason lies in the difficulty in the mea-
surements using other techniques as is emphasized below.
Mentzoni and Donohog27] apparently made the earliest
measurements on what they assumed to be" @8ing a
plasma afterglow method. For electron temperatures of 273
and 800 K, they measured DR rate -coefficients of
6.7x10 7 and 4x10 " cm®s !, respectively. Later, this
work was criticized by Whitaker, Biondi, and Johng&8] o Mentzoni and Donohue (1968) ™™~~~
who repeated the experiment, including mass spectrometric —~  [----- Mitchell and Hus (1985)
identification of ions, and were unable to get a plasma domi- ° progheganctal 199D
nated by CO. The main criticism of the work lies in the '
probable presence of (CQJO" clusters, which form
readily and are known to recombine rapidly. In general, most
of these clusters recombine faster thanxt10 ® cm®s ™! at
room temperature; for example, one has to consider rate ¢
efficients as large as 2310 % cm®s ™! for n=1 [28] and
1.9x10 ¢ cm® st for n=2 [28]. Thus, it was proposed that
such contamination occurred in the experiment by Mentzoni
and Donohue and that it could explain their apparent higespectively[12,30,31. For NO' it is even largef31,32,
DR rates. 3-4x10"7 cm®s L. The DR process of all these ions are
Mitchell and Hus[14] performed the first merged beams believed to be driven by the so-called “direct” process,
experiment on CO with a single pass setup, and attributed which involves curve crossiitg between the ionic and dou-
their cross sections to dissociative recombination of electronbly excited neutral potential curves. The observed rate sug-
with vibrationally excited CO. Later, CO" was studied at gests that this is also the case for CO’he 1E dependence
room temperature by Geoghegan, Adams, and Sfhby  of the cross sectiofFig. 3 and the resultant TP depen-
means of a flowing-afterglow Langmuir-probe apparatusdence of the thermal rate coefficidiiiq. (4)] is not in con-
They reported for CO a rate coefficient of 1.810°"  tradiction [24] with a direct mechanism with a favorable
cn®s™* at room temperature. Although the energy state ofrranck-Condon overlap. In the discussion below we will at-
the recombi.ning ion. is nOt SpeCified, itis ||ke|y to have beentempt to mention some possib'e neutral states.
the electronic and vibrational ground state, since the pressure gefgre proceeding with that discussion, however, it is im-

was high enough to lead to collisional quenching of excitedyqrtant to recognize that there is evidence for some contri-

states. butions to the observed rates from the so-called “indirect

In order to present a thermal rate coefficient, the DR Crosﬁrocess " The “indirect” process is known to induce dips in
section displayed in Fig. 3 was convoluted with a Maxwell- he cross section due to destructive interference with DR

ian temperature distribution. The resulting curve is displaye hrough the “direct” process. The feature at 0.15 eV in Fig.

by the solid curve in Fig. 8. This curve can also be repre- s .
sented by the expression 2 may be an example. As already noted, Nk isoelectronic

with CO*. Gubermar{33] included both “direct” and “in-
0.55 » direct” processes to calculate the cross sections for the dis-
T cm?s (4 sociative recombination of N (X ’%4%) up to 1 eV
¢ wherein he predicted some dips that were not observed in
four study{12] of that ion. From all possible explanations, we

Mitchell and Hus[14] shown as the dashed curve, and ratesbel'eve that such features may haye been smgargd OL.H’ be-
discussed above of Mentzoni and Donohi@¥] and of cause of the large pumber.oftarget-lon statgs Wlt.h vibrational
Geoghegan, Adams, and Smi9]. The discrepancy with states up tcw'z'3. Nlt'rogen ions are infrared inactive, and do
the data by Geoghegan, Adams, and Srif] is not yet ~ not cool radiatively in contrast to CO _
explained. These authors used a helium discharge to generate TUrning our attention again to the direct mechanism, we
ions and metastable species that consequently ionized AROte that no calculations immediately relevant to the DR
introduced as a test gas downstream. Various possible corechanism have so far been carried out to our knowledge.
plications were taken into account, and it is thus difficult toSome work on photodissociation of CO above the ionization
rationalize the factor of 2 difference with the results found inenergy may be the same channels used in the DR of.CO
the present work. For the discussion, we refer to Fig. 9 where some of the
curves discussed are displayed. It was foli8d,35 that
photodissociation of CO does not proceed through direct ex-
citation to repulsive states, but rather by dissociation of
Our results show that the dissociative recombination obound Rydberg states. For example, tigr and thenpo
CO'(X 231) is an efficient process, as is the case for allseries converging to the CO(X 237) state were investi-
diatomic molecular ions of similar size. For example, atgated[36] (up ton=6). The first member of theso series,
room temperature, thermal rate coefficients for'CQl, *, the B 3% states, is predissociated by tBé 3% valence
and Q" are 2.75x10 7, 2x10 7, and 210"’ cn°s™!,  state[37-39. Adiabatically, theB and D’ states form a

<

—_
(=
T
i
|

Rate coefficient (cm 3s'l)

100 1000

Electron temperature (K)
FIG. 8. Thermal rate coefficient. Our wollsolid line) and a

Q,'omparison with literature data from Mentzoni and Donof2idg,
Mitchell and Hus[14], and Geoghegan, Adams, and Smji29)].

a(Ty)=2.75x10""

Also included are the similarly derived rate coefficients o

B. Mechanisms and interpretations
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co'eish the process is favored if the crossing is toward the outer wall
T ' SG 556 7450 of the ionic potential curve over the case where it is toward
o the inner wall. In view of the absence of sufficiently accurate

FE curves and a complete absence of information on the triplet
o G states, we cannot make any detailed comparison between our
: ’ OCPHC(S) findings and the quality of the mentioned neutral states.
0(Dy+CCP) Moreover, all of the above only takes into consideration
S — ground-state fragments, whereas we observe other dissocia-
N oCP)+C('D) tion limits. Ebata, Sutani, and Mikan 3] pointed out that

L the O¢D) + C(®P) and O€P)+ C(*D) dissociations should

14

.B3so

12

: _oPecy) proceed through a spin-orbit coupling if the capture state is a
tmme T —_ singlet state. According to O’Neil and Schaefdd], the
(2,3,4,58>" states are all repulsive and go respectively to
oCcP)+C(P), o(CP)+c(D), o(D)+C(*P), and
OCP)+C(°S). Clearly the theory is in its infancy, and
much work is required.

In examining Fig. 2, one sees that a high energy reso-
nance is not observed as is found in some light species such
as the H* isotopomerq 45,46 and HeH [10]. However,
such features have not been seen before for “heavier” ions
T T D such as ¢* and G [47] or for N, ™ [12], but are present in

08 10 12 14 16 18 20 22 NO*, and Q*. We note that the single point at 54 eV lies a
Internuclear separation ( A) factor of 2 higher' than that at 22.3 eV. It is unlikely th.at this
is the start of a high energy “bump,” as the 54-eV point lies

FIG. 9. Potential energy curves, which may be relevant for dis-well into the multiple ionization continuum for the species.
sociative recombination, taken from Ref40] (D’ '3 *) and[42] At this energy one can imagine strong autoionization pro-
(D’ 3%, and ). cesses to be present.

o ) Using theIl state of Hiyama and Nakamuf42] and the
double minimum potential curve. TH2' state correlates as- p+ 13+ gtate of Tchang-Brilletet al. [40] we have per-
ymptotically V‘fth the OEP)+C(3_P) ground-state limit. The  t5rmed overlap integrals between Can its ground vibra-
(diabatig D' 2+ state Is conS|der?d JEO be responsible fortiona| state. The different electron collision energies were
the predlfsgmatlon of the ) B "X (0222 [f,O], the  accounted for by evaluating the overlap integral with the
(3po) C X7 (v=3,4) [40], and thel(‘p‘f) K 2"(=0)  continuum state at the total energy of CQu=0)+e".

[41] states. In a similar manner, the "[I(v=0) [first mem-  Thjs calculation provides a rough qualitative idea of the be-
ber of thenpw series(not shown], the (4pm) L II(v  havior of the capture probability of these states with increas-
=0) and the (8m) L’ 'lI(v=1) Rydberg states are pre- ing electron energy. It is found that with increasing energy,
dissociated by interaction with a dissociative state ofthe  he overlap integral to thB’ 13+ state increases, while that

symmetry[42] shown simply by this notation in Fig. 9. The o the [T state decreases. In going from zero energy to 0.8
Il andD’ '3 states are invoked by Hiyama and Naka- eV the Franck-Condon factor reduces by more than one half.
mura[42] to be involved in the “direct” dissociative recom- These findings are very qualitative but may indicate that at
bination mechanism. It is of interest to note that a strongerg energy it is theéll state that is the predominant repul-

coupling between Rydberg states and a repulsive doubly exsjve state involved in the DR, while at higher energy it is the
cited valence state directly implies a large electron capturgy’ 1s + state that becomes more important.

width of the repulsive state in the ionization continuum and
hence a possible important role in the DR process.

It is conventional wisdom that for the direct DR process
to be efficient at low energies, there must be a crossing of a The ion storage ring measurement of dissociative recom-
repulsive neutral curve through the lower part of the ionicbination of CO" shows that DR is a very efficient process.
curve. The internuclear separation at the crossing is also geiGross sections of about410™ 2 cn? at 1 meV and 10%°
erally regarded as important. Figure 9 shows a large discren? at 1 eV are found, with an essentiallyEldependence.
ancy between the position of theD( '3%), state of Thermal rate coefficients previously appearing in the litera-
Hiyama and Nakamurp42] and the same state reported by ture differ from one another by up to a factor of 6. Our
Tchang-Brillet et al. [40], labeledD’ '3*. According to  deduced value of 2.25610° 7 (300/T.)%%° cm®s™? lies in
Hiyama and Nakamura, the position of their calcula®d between previous measurements. The disparity with some of
state should be accurate to within 0.027 eV, whereasthe the other measurements can be rationalized. The rate coeffi-
state is supposed to be accurate within 0.14 eV. The locatiocient is about 1.7 times larger than the value for the isoelec-
of both of these calculated curves is toward the inner wall otronic ion. The experimental results from the imaging detec-
the ionic curve. TheD' state of Tchang-Brilleet al. [40],  tor indicate that at zero collision energy the DR mechanism
which was deduced from spectroscopic data, crosses the dominated by a direct dissociation process to the ground-
ionic curve toward the outer wall. In considering “direct” state[76% branching to GP)+ C(3P)]. As the collision
dissociative recombination to such states, the efficiency oénergy is increased the branching fraction to the ground-state

10

Potential energy (eV)

V. SUMMARY AND CONCLUSIONS
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limit is found to decrease rapidly. Between 0 and 0.4 eV, DRthe more attractive since it is isoelectronic with N which
of CO" yields 15-30 % of C{D) atoms, in contrast to the has been widely studied theoretically, but has not yielded to

100% at 300 K assumed by Feldmgh5] to explain UV experimental high resolution studies of fully ground-state
lines in comets Kahoutek and West. ions.

The cross section for dissociative excitation of C@as
also measured. The magnitude of the cross section after ris-
ing from threshold somewhere around 12.5 eV, is very typi-
cal of dissociative excitation cross sectiorg x 1016 cn?. The authors are grateful to Brian Mitchell for discussions
In the present work the quality of the SBD prevented deteron this work, especially as it relates to his earlier work. The
mining the branching between the two dissociative excitatiorstaff members of the Manne Siegbahn Laboratory are grate-
channels, C+0 and C+O™. fully acknowledged for valuable help with the experiments.

There is a large disparity in the literature concerning theThe work was supported in part by the i@o Gustafsson
position of the dissociative states that would be involved inFoundation and the Swedish Natural Science Research
DR for this ion. It is clear that a great deal more remains toCouncil. One of usG.H.D. was supported in part by the
be done on the theoretical side. The present information préSwedish Royal Academy of Sciences and by the U.S. De-
vents even a qualitative interpretation of the observation ipartment of Energy. Two of ugW.J.v.d.Z. and R.p.ac-
terms of potential energy curves. These results provide aknowledge financial support from the Netherlands Organiza-
opportunity for theorists to address the dissociative recombition of Scientific ResearctNWO). This work is part of the
nation process of a moderate sized ion that is fully relaxed tscientific program of the Netherlands Foundation for Funda-
the ground electronic and vibrational states. It should be alinental ResearctFOM).
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