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Dissociative recombination of CH™: Cross section and final states
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The cross section as well as the branching ratios for the dissociative recombination of ground-StaasCH
with electrons have been measured using the heavy-ion storage-ring technique and two-dimensional fragment
imaging. Although the absolute value of the cross section at thermal energies is found to be in very good
agreement with the theory, several unpredicted narrow resonances are also present in the data. These structures
are interpreted as due to an indirect recombination process via core-excited Rydberg states. The branching-ratio
measurement shows that at low electron energy tfié &tate, producing carbon fragment6'0), is the most
important dissociative state, although transitions during the dissociation to other dissociative potential curves
are also present. Anisotropy in the angular distribution of the dissociating fragments is visible for some of the
final states. Dissociative recombination of ions in the metastable exzitElstate is also observed, and the
lifetime as well as the excitation energy of this state are deduced from the imaging data.
[S1050-294{@6)00111-4

PACS numbd(s): 34.80.Lx

I. INTRODUCTION On the theoretical side, the DR of even the simplest mo-
lecular ions is not yet completely understood and far from
Dissociative recombinatiofDR) of molecular ions with  being precisely modeled. Although it was described more
electrons is a process of great significance to the physics ahan 40 years ago by Batg4] as a dissociation due to the
laboratory and astrophysical plasmil. It is a collision  crossing between an excited neutral dissociative state and the
process which starts by the binding of an electron to a mopound ionic ground state close to its minimum, new mecha-
lecular ion and proceeds via a mechanism in which the repjsms for the recombination and dissociation have been
sulting electron-ion compound dissociates into neutral fragfound during the following years, including recently recom-
ments. DUring the recombination, the electron kinetic energyination without curve Crossir@]_ The basic theories of DR
E is absorbed by the molecule and in the diSSOCiation, exceﬁways calculate the cross section for a given collision en-
energy is carried away in the form of kinetic and internalergy E from a single initial(rovibrationa) state ¢,J) of the
energy of the fragments. For Ckthe DR process can be mojecular ion to a set of fingklectronig states of the neu-

represented as tral fragments. For the vibrational ground state of Cldnly
a few theoretical DR calculations have been done. Bardsley
CH*(v)+e  (E)—C(nl)+H(n'l"), (1) and Junkef6] and Krauss and Julienri&] theoretically es-

timated the dissociative recombination rate to be abouf 10

cm®s ! at T=100 K. They carried out a configuration mix-
where v denotes the initial vibrational quantum state ofing calculation of adiabatic potentials and found that the
CH", andnl andn’l’ are the principal and angular quantum 2 [T dissociative potential curve of CH crosses the lowest
numbers for the C and H fragments, respectively.'Gifays  potential curve of the ion close to its equilibrium internuclear
a key role in the chemistry of cosmic and planetary molecudistance. A few years later Giusti-Suzor and Lefebvre-Brion
lar clouds[2]; in particular, the DR of CH is a major pro-  [8], again using a configuration mixing calculation but in-
cess in the chain of destruction-production of this moleculakciuding the diffuse Rydberg character of the dissociative
ion, which has been found in overabundance in interstellaelectronic state, concluded that this state dogtcross with
clouds[3] when compared to standard interstellar chemistrythe ionic state. Accordingly, the rate was conjectured to be
models. These models are heavily based on absolute crosgaller by two orders of magnitude than the former theoreti-
sections for the formation and destruction of molecular speeal estimates. Further calculations by van Dishd@jKcon-
cies, so that the DR cross section of CI8 of wider interest.  figuration mixing and Tennysor{10] (R matrix) left the
It is important to consider that, as in general the temperaturesrucial curve crossing problem unsolved. The most recent
of interstellar clouds are loWr<100 K), the main contribu- and complete calculation for the DR of CHvas carried out
tion to the DR of CH comes from ions in their vibrational by Takagi, Kosugi, and Le Dourne[f1] using multichannel
and electronic ground statX'S*, v =0). quantum defect theory. The dissociative state was found to

cross the lowest potential of CHnear the left turning point

of the first excited vibrational state. The rate constant ob-

*Present address: Gesellschaft ichwerionenforschungGSl), tained was 1.1210" " cm® st at T=120 K. This calculation

D-64220 Darmstadt, Germany. predicts an overall cross-section dependence over the elec-
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tron energy which is steeper thar<E~! for the energy tralized atomic fragments. A complete measurement of such
rangeE<0.3 eV. Many Rydberg resonances associated withranching ratios has recently been published for'HR1]
vibrational excitations of the ionic core, giving rise to the using the technique of two-dimensional fragment imaging,
so-called indirect procedd 2], are present in the cross sec- and has provided very detailed information concerning the
tion. DR mechanisms of HD. Hence using the storage-ring tech-
On the experimental side, the DR of molecular ions hadiique to provide well-defined initial conditions for the mo-
been studied using various methddg. Among them, the lecular i(_)ns, and the imaging techniqqe to yield inform_ation
merged-beam methoflL3] is the most versatile one as it ©N the final states of the fragments, it becomes possible to
permits a high sensitivity and a fine control over the collisionP€/form astate by statalirect comparison with theoretical

energy. In the merged-beam configuration, a fast molecularqal[cu:cat'?[ﬂs' bBegldesdthe mgortanfcsh ostRuch experlnr:en_tal
ion beam is created in the ion source of an accelerator angt e '0f the€ basic un erstanding of the process, the in-

after collimation is merged with a cold electron beam Whereormation on final-state branching ratios also has significant

the beams are collinear and the recombination takes placgnpl|cat|ons for astrophysical cher_mstry, atmospheric mod-
€ling, and laboratory plasma physids.

The rate of neutralization is recorded as a function of the In the present work we have m red the absolute cr
relative electron—molecular-ion energ¥)( and the cross | Ine prese 0 € have measured the absolu'e Cross

section is extracted after proper normalization. One of th(?s1
main drawbacks of this method is related to the uncertaint

of the initial vibrational and rotational states’ distribution: As :e:e se]E ?rf branghmg rgtlr:)s dfor thefdlffereni f|n?| elt_actromc_
the molecular ions are usually created by the ionization of [Ales of the carbon and hydrogen Iragments at various inci-

the parent neutral molecule or by dissociation and ionizatioﬁient glectron energies. Section Il c_)f this paper describes the
experimental technique for measuring the absolute cross sec-

of a neutral gas, the ions may be found in a wide distributior{. I the final stat ing the f e ;
of vibrational states. Therefore, since DR often is very sen; 0N as Well as Ine final states using the fragment imaging

sitive to the initial vibrational statéthe sensitivity to the ']Eec?rr]uqug. IT tSec. - expet(|ment?jl fres;ﬂtssre prr]gsent(atq boi]
initial rotational state is still subject to discussjpthe ex- or the absolute cross section and for the branching ratios.

tracted cross section cannot be directly compared to the theg_lscug,smn and the comparison V\."th theoretical and previous
retical calculation. Mukt al. [14] have measured the DR of experimental data are presented in Sec. IV. We also present a

CH" using the merged-beam method. Although a variety ofneasurement Of. th_e DR cross section f_or*CIDns. Mea-
buffer gases were used in their ion source in order to quenc urements on th'.s lon were already pUb“SIﬁ.éd] .bUt have
the vibrational excitation, as well as tr@3ll electronic een repeated with improved energy resolution in the present
metastable state, it is not clear that the measured DR Croggork.
section represents that of fully relaxed CHn this measure-
ment, the cross section was found to decreasE dsi.e., Il. EXPERIMENTAL PROCEDURE
slower than the theoretical predictiphl]. Its absolute value
at low energy was found to be about a factor of 2 higher than
the theoretical value. The present experiment was carried out at the heavy-ion
During the last few years there has been substantiakest storage ringTSR) located at the Max-Planck-Institutrfu
progress in the ability to measure DR under controlled conKernphysik, Heidelberg, German22]. Negative molecular
ditions. This has been achieved with the help of the heavyions CH™ were produced from a standard Cs sputter source
ion storage-ring technique, which allows one to store fasfilled with CH, and equipped with a carbon target, and were
molecular-ion beams for a time long enough to allow foraccelerated toward the high-voltage terminal of a tandem ac-
complete deexcitation of initial electronic and vibrational ex-celerator. Upon reaching the terminal, the Ckbns were
citations via spontaneous radiative transitions, and then tetripped using a thin gas target and the resulting” Qigam
merge the internally cold molecular-ion beam with an in-was accelerated up to 7.2 MeV and injected into the TSR.
tense electron beafusing the electron cooler of the storage After each injection, typically 1Dparticles circulated in the
ring). Thus the advantages of the merged-beam arrangemeribhg (nominal circumference 55.4 )mn a (ring-averageg
(i.e., high sensitivity and tunabililyare conserved and, in vacuum of 10~ *! mbar(absolute pressure with more than
addition, the molecular ions are known to be in the ground0% H,) with a beam lifetime of 10 s, allowing statistically
vibrational states(v=0). On the other hand, the present significant measurements up to 25 s after the injection. The
storage-ring technique does not yet provide information orCD* beam was produced from the same ion source, except
the rotational distribution of states, since rotational cooling isthat it was filled with CL), the injection energy was 6.6
much slower than vibrational coolind.5] and is limited by  MeV, and the lifetime after injection was only 4.6 s, due to a
the ambient temperature of the storage ri8§0 K). How-  somewhat higher average pressure in the TSR during the
ever, progress towards a better diagnostic of the rotationalD" beam time.
population is currently underwayl 6]. Using the heavy-ion At each turn, the ion beam was merged with the 5.0-cm-
storage-ring technique, relative as well as absolute DR crosdiam electron beam of the electron cooler over a length of
sections have been measured for various moled¢d/iés19, nominally 1.5 m. This arrangement of merged beams in a
among them also CD[20], and unknown features have been storage ring is also used for measuring dielectronic recombi-
discovered. nation cross sections of highly charged ions and the general
The next step toward a detailed comparison between theonditions and procedures of such measurements have been
theoretical and experimental DR of a specific molecular iondescribed in more detail elsewhd&3]. Basically, the colli-
is the measurement of the final electronic states of the newsion energy between electrons and ions is varied by tuning

eavy-ion storage-ring technique and also determined a com-

A. General experimental setup
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verse cooling of the pilot beam, the collinearity of the elec-
tron and the ion beams was adjusted within a few*lGd.
Moreover, the electron and the ion beams could be centered

Phosphor McP
screen Channeltron

C

g\
Dipole
magnet

an(fga with respect to each other within a few mm by observing the
) » effect of the electron space charge on the ion beam velocity.
l\ﬁr@ = This alignment was kept when passing from the pilot beam
to the molecular-ion beam, as the magnetic settings of the
‘PM _]Si detector storage ring and the electron cooler remained unchanged.
ﬁ@ 5 The molecular-ion beam diameter, as observed with a
) residual-gas ionization beam-profile monitor, was limited to
L HV switch =6 mm{[full width at half maximum(FWHM)] by the injec-

l‘-fi Frame grabber tion process; a slow further decrease of the ion beam diam-

Ve |/ eter occurred by electron cooling with a time constant of

several seconds.

FIG. 1. Experimental setup for the measurement of the DR cross B. Cross-section measurement

section of CH and CD". The MCP detectoftogether with its 1. Detector setup

phosphor scregrand the Si detector are located in a vacuum cham- .
ber following the first dipole magnet after the electron-ion interac- | N€ detector used for the cross-section measurement was

tion region. Positions of impact of neutral C andeét D) fragments & 40<60-mm energy-sensitive Si surface-barrier detector.
are read via a mirror by a CCD camera coupled to a high speedh€ energy spectrum of the neutral fragments hitting the
frame grabber located in a VM&ersa Module Europacrate. The ~ detector is composed of several peaks; the events recorded
photomultiplier(PM) is used for shutting off the acceleration volt- With the full beam energy correspond to the simultaneous
age (U9 between the phosphor screen and the channel plate, &rival of neutral C and Hor D for CD"), while those re-
discussed in the text. The detector setup is shown not to scale. corded with12 (% for CD) or + (& for CD) of the beam
energy are due to the detection of a single neutral C @H

the electron beam energy while keeping the energy of théespectively. At low elec_tron energy, these single neut'ral par-
stored ions at fixed value. In the present experiment, typicaicles are due to the dissociation of the molecular ions in
values for the electron beam energy and current at low colcollisions with residual-gas _partlcles in the straight section
lision energy(i.e., closely matched electron and ion beam@h€ad of theﬁdetectc(see Fig. 1. These background pro-
velocities were 300 eV and 5.5 mA, respectively, corre- C€SSes for CH are

;pondmg to an electron density of 1<IO6.cm . In the CHY + X CO4H* + X 2
interaction region, the electrons were guided by a 33-mT

longitudinal magnetic field. In order to reach the best posypr

sible collision-energy resolution, the electron beam was

magnetically expanded before entering the interaction region CH'"+X—C"+H%+X, 3)

to reduce its transverse energy sprE2d]. The thermal elec- ) _

tron energies in the comoving frame of the electron beanyhereX denotes a residual-gas particle. Another background
amount tokT, =17 meV for the transverse degrees of free-signal is due to electron capture from the residual-gas atoms

dom after the magnetic expansion anckfB~0.5 meV for ~ OF molecules. In this case, either a bound neutral(@HCD)
the longitudinal degree of freedom. molecule is formed, or two neutral fragments are produced as

After each injection, the molecular ions were first electronin @ DR reaction. These events are recorded with the same

cooled fa 6 s inorder to ensure equal velocity of the ion and €nergy as a real DR event, and thus must be subtracted from
electron beams. After this cooling period, measurements of/€ measured rate of recombination. In the present case,
the DR of CH" (CD") are performed by detecting the neutral however, this background was negligitfies observed while
fragments C and HD) produced in the interaction region, the electron beam was sw@ched)ctlhd corrections were not
using a detector mounted straight ahead of the cooler at Be€ded. Moreover, at typical total count rates~e8x 10°
distance of~6 m (see Fig. 1 Two different types of detec- S _pl_JIse pileup contributions to the full-energy peak were
tors were installed for these molecular measurements: apedligible. . - _
energy-sensitive detector for measuring the absolute cross At higher electron energy, in addition to DR, the disso-
section, and a two-dimensional imaging detector for theciative excitation(DE) of the moIecu!ar ions is possible.
final-state measurement. The energy-sensitive detector wadich a process leads to the formation of a neutral and a
movable and located in front of the imaging detector so thagharged fragment according to

the detectors could be interchanged without breaking the CH' +e O+ H+o @
vacuum.

The adjustment of the electron cooler, in particular the,,
relative alignment of the electron and the ion beams, was
facilitated by using a pilot beam of higher intensity than the CH"+e —=C"+H%+e". 5)
molecular-ion beam, having the same magnetic rigidity and
similar velocity (*3C™ for the CH" beam time and®Si** for ~ Thus only one neutral fragment hits the Si detector and the
the CD" beam timg. By observing and optimizing the trans- event is not recorded under the full-energy peak. We have
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5 just itself to the average electron velocity in the overlap re-
Co+D° gion during the cooling period of 6 s; hence the cooling
electron energy and the laboratory ion energy are related by
E.=(mJ/m,)E;, wherem, and m; denote the electron and
the molecular-ion mass, respectively. The longitudinal ion
7 velocity and its variations could be followed with high reso-
lution by observing the Schottky noise spectrum of the stored
- ion beam; this spectrum also yielded the relative longitudinal
velocity spread of the ion beam, which amounted to
~1Xx10 4 (FWHM) during the measurement.

After the electron cooling phase, the electron acceleration
voltage was stepped up in order to supply a certain labora-
tory electron energy, in the overlap region. Taking into
account the fact that the ion and electron beams are collinear
ror 1 (see Sec. Il Aand that the ion velocity is determined by the
cooling energyE,. as discussed above, the electron endtgy
0.5~ 7 in the electron-ion center-of-mass reference frame is given

by

Counts
o

c®

Ol v v v L/ v S

150 200 250 300
Channel E:(\/E_c_ \/E_e)z- (6)

FIG. 2. Energy spectra as measured by the surface-barrier derhe electron energi, is found from the measured electron
tector for the CD beam of 6.6 MeV/(a) Electron cooler operation - acceleration voltage, from which a correction is subtracted to
at cooling energyE=0); (b) electron cooler switched off. The'D  4ccount for the electron space-charge potential; this correc-
signal is buried in the electronic noise of the detector, which is CUtion is derived from the measured electron current and the
off by a discriminator. geometry of the electron beaf3] and amounts te=5% of

E. for the present parameters. By varying the energy level
% from one injection to the next, energy scans were per-
ormed at center-of-mags.m,) energiesE between 0.01 eV
(slightly below the transverse thermal energy of the electron
ébean) and 40 eV, the corresponding laboratory enerdigs
range between 309 and 560 eV #6r=302 eV (CH" mea-
surement Positive energy difference€(>E;) were used

also measured DE cross sections for Chhd CD"; how-
ever, those results are not included in the present paper,
they fall out of its scope. Moreover, the"Gragments result-
ing from reactions described in Eq&) and (5) could be
counted on a Channeltron detector located inside the clos
ion orbit behind the bending magnet following the overlap

region(see Fig. ], which was installed mainly for ionization . . .
measurements on atomic iof5]. in order to profit from the increase of the electron density

Figure 2 shows energy spectra as measured by th hich varies=E. and hence almost doubles in going up to

surface-barrier detector for the Clbeam. The spectrum in the maximum c.m. energy.

Fig 2 was taken wih he electon codler Operaing at, 12,122 SIENGES 1 o0 vlocty cue o the e
cooling energy(i.e., E=0), while the spectrum shown in Fig. y ’

2(b) was taken with the electron cooler switched off. The €19y was applied only for short intervals, switching t'he volt-
full-energy peak is clearly separated in Figaand practi- age back and forth between the levels correspondingto

; P e d to the cooling energ. at a rate of 10 Hz. From the
cally nonexistent in Fig. @), which indicates that the DR an ¢ . .
signal is easily separated and the background in the asso lementary theory of electron coolilig6], together with Eg.

ated count rate is negligible. The signals of the light frag-fe)’ th_e Cht‘?‘”gf gff th?hc.m. enetrgy be_caus;a IOf the frItCtIOI’t]
ments(both for CD" and CH") could not be extracted from orce 1S estimated for he present experimental parameters to

the electronic noise due to their low impact energy on thebe
detector.
|dE/dt|< VE./EX2X10°° eV/s (7
2. Measurement procedure and energy determination

The DR cross-section measurements were performed bgt E=KT, ; during the modulation period it thus remained
recording the associated count rate in the full-energy peak dfelow 4<10™* eV even at the lowest c.m. energies reached
the Si detector as a function of the laboratory electron kinetién the scang~0.01 e\j. This voltage “wobbling” also al-
energyE,, keeping the laboratory enerd@y of the CH" or  lowed us to continuously monitor the count rates at cooling
CD" ion beams constant. After injection into the storage ringenergy, which were used for normalization purpsee Sec.
(see Sec. Il A the molecular ions first underwent electron Il B 3).
cooling, which is caused by the friction force acting on the The precision of the c.m. energy scale is limited by the
stored ions in the electron beam and accomplished by settingncertainty of the space-charge corrected electron energies.
the electron energy to a value Bf matching the nominal We estimate the systematic relative uncertainty of the space-
ion velocity in the ring. charge correction to be5%, which yields relative errors of

In the longitudinal degree of freedom, the electron cool-E, andE, of +2x10 3 (+0.6 eV forE,~E,~300 eV in the
ing process caused the longitudinal ion beam velocity to adCH™ measuremeit The resulting systematic error of the
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; () with the resulting total increas®E(x) of the c.m. energy as
/W * calculated for the CH measurementincluding also the ef-
%% fect of the electron space chajgélhe ion beam enters

(leaves the electron beam at18 cm fromx,. It can be seen
L that the increase of the c.m. energy remains below the elec-

[]
E
3 107 : tron energy spread considered above ustit5 cm fromx,
D : for low E and until~—1 cm fromx, for high E (=10 eV);
¥ 107° i beyond these limits, it rapidly becomes significant. Hence for
107 : narrow features in the energy dependence of the measured
T T T ] cross section the “effective” interaction length, over which
10" | ! g the c.m. energy remains essentially unchanged, is well rep-
w0 L ' i resented by the nominal length Corrections for signal con-
J o b : ] tributions from the bending regions in the measured cross
o ! 1 section will be discussed in Sec. 11 B 3, and possible influ-
1 - r ! E ences of these regions on the fragment imaging in Sec.
107° : ] I C 2.
10™ F | -
Vv o] 3. Evaluation of cross sections
BRI S R The DR rate coefficient(E) is derived from the mea-

sured DR count rate(E) by
FIG. 3. The anglep(s) between electron and ion beam and the
resulting increasa E(x) of the c.m. energy, shown as a function of a(E)=r(E)/ng(E) 7N;, 8

the distancex—xq from the nominal enck, of the straight overlap . .
region.AE(x) was calculated foE=0 (lower curvg andE=10 eV wheren,(E) is the electron density at the average c.m. en-

(upper curveE.>E,) at E,=302 eV and includes also the effects €T9YE. N; is the number of stored ions in the ring at a given
of the space-charge potential of the electron bébr5.5 mA at  time, andn=L/C is the ratio between the length of the in-
E.). The vertical lines indicate the limits wheteE(x) reaches the ~teraction zoneglL=1.50 m) and the ring circumferencéC
c.m. energy sprea(0.017 eV forE<0.3 eV and 0.2 eV foE=10  =55.4 m. The electron densitn.(E) is deduced from the
ev). electron current(E), measured at the electron cooler col-
lector, and the cross-section argaf the electron beam us-

c.m. energy scale amounts .01 eV forE=0.1 eV and to ing the relation

+ = P ; .

;gi/l% eV for E=10 eV, following an approximate scaling ne(E)=1(E)/Sey2E./m,, 9)
_The c.m. energy distribution of the electrof23] varies  \yheree is the electron charge. The numbérof stored ions

with the size of the c.m. energy itself. At lok (i.e., s deduced from the ion current circulating in the ring, as

E<KT/2T;~0.3 eV) the energy distribution is asymmetric

and its width is limited by the transverse electron tempera- N;=1,C/qey2E;/m;, (10)

ture (=0.017 eV. In the opposite case of high the distri-
bution is nearly Gaussian with a widtfFWHM) of  wheregeis the ion charge. For values below®, as in the
~4(KT,EIn 2)2 (~0.2 eV forE=10 eV). The influence of present experiment, the ion currelntcannot be measured
the relative ion beam velocity spredes2x10 2 in trans-  directly during the measurement by the current transformer
verse and~1x10"* in longitudinal direction on the c.m. of the TSR otherwise used for this purpose. Hence the rate of
energy spread always remained below 10% of that stemming* ions produced from the circulating CHon beam in the
from the electron velocity spread. The electron space chargeackground reaction depicted in E§) and measured by the
also caused a small variation of the longitudinal electronChanneltron detector at cooling energy during “wobbling”
velocity over the ion beam cross section, the relative size ofsee Sec. || B2 was taken as aelative measure of the
which (=1x10* for the present ion beam diameteiid not  circulating ion current at any time. The*Qate at cooling
exceed the ion velocity spread. energy offered much better statistics than tReate at cool-
The average c.m. electron energyaccording to Eq(6) ing energy and hence was more suitable for the normaliza-
is well realized over~85% of the nominal overlap length tion of the spectra. It was verified that the ratio of the iGte
L=1.50 m, where the angle between electron and ion bearfcaused by reactions with residual-gas moleguleshe ¢
after alignment remains below a few Thrad. On the other rate(caused by reactions with free electrpnsmained con-
hand, near the ends of the nominal overlap section and in thgtant within =2% during the energy scans; thus systematic
adjacent bending regions of the electron be@mminal variations of the residual-gas pressure during the energy
bending radius of 0.8 m, realized by toroidal magnet goils scans had no influence on the normalization at this level of
the c.m. energy increases rapidly as the amgletween the accuracy.
electron beant5.0-cm diametgrand the ion beanffew mm For the CH measurement, the Crate was in addition
diametey increases. The variation @f as a function of the calibrated in terms of absolute ion current using a two-step
distancex—x, from the nominal end, of the overlap re- procedure. First, we determined the ratio between theate
gion, as obtained from measurements of the magnetic guicks measured by the Channeltron detector at cooling energy
ing field of the electron beam, is shown in Fig. 3 togetherand the electrical signal induced by the circulating ions in a
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longitudinal pickup, which was sensitively observable for aninitial (rovibrationa) energy level of the molecular ion, is
ion beam bunched by the rf cavity of the ring. Second, weE,,. The kinetic energy of relative motiork, ,,, which is
calibrated the pickup signal itself using tfC™ pilot beam carried by the fragments is then given by energy conserva-
(see Sec. Il B 2 which was stored under the same condi-tion as
tions as the CH beam and was strong enough to be moni-
tored directly by the existing current transformer. Due to the Exn=E—-E,. (12
lengthy and relatively cumbersome process of calibration,
we estimate the absolute value of the ion current in thé CH The indexn describes all the relevant quantum numbers
measurement to be known with an error of abc180%. needed to describe the electronic excitation of both frag-
From the rate coefficient determined according to @). ments. If, prior to the dissociation, the molecular ion is mov-
we obtain the experimental cross section using the relationing in the laboratory frame of reference with a kinetic energy
E; (>Ey ) then, after dissociation, the two fragments will
o(E)= a(E)/\/Fme. (12) start to_ separate from each other and move forward on a cone
(see Fig. 2 On a detector set up at a distaredrom the

- ot dissociation point with its plane perpendicular to the ion
At energiest large compared to the ¢.m. energy spr beam direction, therojecteddistanceD between the two

Sec. I B 2, i.e., forE=0.03 eV, this represents the DR cross tral f ts in the ol f the detector is ai b
section convoluted with the experimental energy distribution'€U'ral fragments n the piane of the detector 1S given by

The rate coefficient represented by E8). uses the nomi- energy and momentum conservation:
nal overlap length., disregarding the recombination events

taking place in the bending regions discussed above. Consid- D=sd,sing, (13
ering Fig. 3, these regions are expected to cause an addi- 12
tional signal contribution, smeared into the measured cross _(Mctmy) (Eqn (14)
section at a given enerdy from higher c.m. energies. Using : Vmemy E ’

data measured over a sufficiently large energy range, the rate

coefficient«(E) and hence the cross sectiofE) can be whered is the angle of the molecular internuclear axis rela-
corrected for these effects, using the known variatioEpf  tive to the beam direction at the time when the dissociation
near the ends of the overlap region and an iterative proceduksccurs(see Fig. 2andmc andm, are the fragment masses.
described in more detail elsewhd7]. The size of the ad- Based on Eqgs(13) and (14), the measurement of the pro-
ditional signal contributions in the uncorrected spectra ijected distanceD is a direct measurement of the kinetic-
typically 5-10 %, but locally reaches up to 30% as discusseénergy releasg, , and, as such, also of the electronic exci-
in more detail in Sec. Il B. tation E, of the fragmentgsee Eq(12)].

For CH" ions, we thus obtain aabsoluteDR cross sec- Two problems complicate this measurement in compari-
tion, while a relative DR cross section is obtained for CD son to the simple picture just described. First, in 2D imaging,
The absolute systematic error of the measured DR cross sethe anglef) at which the dissociation occurs is unknown; thus
tion is dominated by the uncertainty of the current calibra-a given energy releadg, , does not yield a fixed value of
tion, given above. The relative uncertainties, relevant for thehe projected distance, but a distribution of distances result-
comparison of cross sections measured at different energieisig from a statistical average over all possible dissociation
are estimated to be10% after the correction for contribu- angles#. In this context, an assumption about the distribution

tions from the bending regions. of @ is required(see below Second, in a heavy-ion storage
ring, the molecular ions are merged with the electron beam
C. Final-state branching-ratio measurement over a relatively long distandd..5 m at the TSR, see Fig).2

i . Hence the dissociation can occur at any point along the in-

For the DR of CH,, we have deduced the final electronic teraction region, and the measured distribution of projected
states of the C and H fragments at various electron energigfistances also represents an average over all distaices
using a two-dlr_nen5|onaED) imaging system. The prl_n_uple along the longitudinal extension of the interaction region.
of the method is based on the fact that, when the initial state |, 5 previous experimerf21], where projected-distance
of the molecular ion is well known, a measurement of theystributions were measured for the fragments released by
kinetic-energy release in the dissociation yields a unique Sigme DR of HD". it was found that anisotropies of the distri-
nature of the final excitation states of the fragments. In thg,ion of the dissociation angkecan have a strong effect on
following we will first describe the basic properties of the he opserved projected-distance distributions. For diatomic
distribution of distances, as measured by the 2D imagingnglecules, as considered here, the angular anisotropy of the
system for the diatomic molecules considered here, and thgagments is simply related to the fact that the probability for
transformations needed for deducing the _fmal excnatlorDR in general depends on the angle between the internuclear
states from such measurements; then we will discuss detail§ is of the molecule and the electron velocity vedamint-
of the detection setup used in the experiment. ing along the beam direction when the transverse electron
velocity can be neglectedThus, although the internuclear
axes of the stored molecules are randomly oriented, the an-

Consider a DR event involving an incoming electron with gular distribution of the fragments resulting from a large
center-of-mass enerdy, in which the two fragments C and number of DR events becomes anisotropic and reflects the
H are released in given asymptotic excitation states such thaingular dependence of the DR cross section. The basic prop-
their internal (electroni¢ energy, measured relative to the erties of this angular dependence were originally predicted in

1. Projected-distance distributions
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a theoretical paper by Dun28], based on symmetry argu- N e e B RO
ments, and then further discussed in more detailed calcula- . .~0(isotropic) ) Bne= o Lesin0)
tions by O’Malley and Taylof29]. Although these latter 0.03 L " i / ]

calculations were aiming at the process of dissociative at-
tachment, the same formalism basically remains valid for
dissociative recombination. A suitable extension of these
ideas should allow one to deduce the symmetry of the cap-
ture resonance from the observed angular dependence. Here,
we limit ourselves to considering the general angular distri-
butions consistent with the symmetry of our experimental o 5 P " 20 25
setup. Projected Distance (mm)

The axial symmetry of the setup allows one to write the
general angular distribution of the fragments relative to the FIG. 4. Calculated shapd®,(D) of the projected-distance dis-
beam direction in terms of the Legendre polynomig|sof  tribution for various initial angular anisotropies. Solid line: Isotro-
orderk as pic distribution (a,,=0); dashed line:(cog)-like distribution
(an,=2); dot-dashed line(sin?6)-like distribution (ap2=—1); and
dotted line:a, ,=+1. These distributions were calculated using the
W( 9):;0 aP(cos), (15  parameters of the present experiment for a c.m. energy release

- En=4 eV.

a,,=+2(xcos*8)

Probability
<)
o
N

©

with the normalization averagingP, o(s,D) over the overlap length with the elec-

tron cooler(limits s; ands,, see Fig. 2 which yields the

% J W(9)dQ=ay=1. (16) expression
(1 D D
Since we do not distinguish events with angteand 7— 6, 5L arccos 5SS arccos 5s
only the terms with everk remain in this expression. The n n>2 n>1
coefficientsa, of the angular distribution depend on the for- for 0<D=<4,5;
mation of the capture resonang@e particular, the angular _
o e . P,oD)=¢ 1 D (20
distribution of the projectile electrons in the c.m. frame and ’ arccos
the partial waves absorbed from the continuum by the target Sl SnS2
in forming the resonance statas well as the spins and the for 8,51<D<4,s,
orbital angular momenta in the initial and final states. For L 0 otherwise,

simplicity, and considering that the projected-distance distri-
butions obtained by 2D imaging are not very sensitive to thgynere L=s,—s, is the interaction region length. In the
details of the angular characteristic, we restrict the analysigresent caséusing the nominal straight overlap length re-
of the measurements to terms up ke-2. As we require  gyced by 50 mm on either side, as discussed bevoevhave
W(6)=0 for all 6, the condition—1<a,=+2 holds for the 5 =5765 mm and,=7165 mm. The inder has been added
anisotropy coefficien,=0 corresponding to an isotropic g show explicitly thatP,, (D) represents the distribution of
distribution. The extreme values a} represent distributions  gjected distances for a single value of the energy release
of character sify and co, respectively{W(6)=3/2sif6  E,_ [see Eq(12)], i.e., a unique set of final states for C and
for a,=—1 andW/(6)=3 cog4 for a,=+2]. The distribution  H'in the case of CH. Similar normalized distribution func-

of projected distances for a specific final statés then rep-  tions can be deduced for the anisotropic component of order

resented by k=2,
P.(D)=P,oD)+ 1 D %
n( ) n,O( ) an,ZPn,Z(D)y (17) arceos — arceos
. . . 45nL 5n32 5nsl
whereP,, (D) refers to the distribution for a given ordkr
For the isotropic component and assuming that the dissocia- _ 3D E;_ _I:zl_
tion occurs at a fixed distansefrom the detector, the pro- 452,,L s; 81
jected distribution is given by P, (D)={ for 0SD<4,s,
D for 0=D=s 1 D iD I,
—— for 0=<D=§,s arccos
Pao(s,D)=1 82T n (18) 45,L 8,52 40iL 53
0 otherwise, for 8,5, <D<4,s,
where 0 otherwise.
I'=s?°—(D/6,)>. (19 Here, the functiond’; , are defined by Eq(19), setting

Ss=s,, respectively. Figure 4 shows the expected line
The measured distribution for an extended source and for aghapes according to E@L7) for a few values of the anisot-
isotropic distribution of dissociation angles is obtained byropy parametea,, and an energy release of 4 eV. All these
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spectra rise from 0 d =0 up to some maximum and then and for each frame that contains two hits their relative dis-
drop to 0 atD=s,5,. The right edge of all spectra, tance was deduced. The position resolution of the detector
D=s,6,, corresponds to the distance between two fragwas ~100 um and the minimum distance which could be
ments which dissociate perpendicularly to the beam directiogistinguished between two hits was2 mm. The absolute

at the largest distances,) from the detector. The distribu- scale of the digitized images was determined by performing
tions P,(D) for a,=+1 also have a relatively sharp maxi- defined displacements of scrapers inside the vacuum cham-

mum atD =s, 6, . The required averages over wide ranges ofper, which partly blocked the particles impinging on the
¢ ands set a limit to the energy resolution of this technique pjcp getector.

atits present stage. However, as the lower electronic states of |, qrqer for the measurement to be meaningful, only one

the S’ and H at?f.m.s atre well separated, the resolution is, fo(-{\vent, defined by the time-correlated impact of a pair of C
mo;_ cases, su 'C'?n : h final stat b and H atoms, should be digitized per frame. To achieve this,
Ince in general more than one final state can b€ poPYpe getector was operated in a trigger mode: Whenever an
lated in the dissociation process, the final projected d'smbufmpact(i e., at least one partidlavas detected on the detec-
tion Is given t_)y a sum over Fhe different final statesc- tor, the phésphor screen was switched off in aboup 2y
cording to their branching ratio: turning off the acceleration voltage between the MCP and
the phosphor screen. The trigger signal indicating an impact
P(D)=2, b,P,(D), (22 was produced by a photomultiplier located in front of the
n phosphor screen, close to the CCD cameee Fig. 1. The
. - purpose of working in such a mode was first, as described
where the(normalized coefficientsb, represent the branch- oh5ve to be able to handle one DR event per frame, and
ing rrf]itIOS_ for dissociation in a specific final state second, to suppress random coincidences between two unre-
Thus, in order to experimentally deduce the values of thgaieq single hits produced by the different background reac-
branching ratiosb, at a given center-of-mass electron en-jons in the straight section ahead of the detefsee Egs.
ergy, it is required to measure the distribution of prOJected(z)_(5)]_ The maximum time-of-flight difference for two
distances between the two fragments on the surface of tr\‘?agments of a single CHDR event is about 2—3 ns, while
detector. The observed spectrumR{D) is then fitted using  he" ayerage interval between two single events depends
]Ehe function described by Eqel7)—(22) with a,, andb, 8 ainly on the stored beam intensity. The total rate on the
ree parameters. It is important to point out again that, beyetector, including products from all background reactions,
cause of the projection onto two-dimensional space of a diSya5 kept below 1 kHz. Thus working under the described
tribution which originally is three dimensional, and since thetriggering mode allowed us to achieve an excellent true-to-
Interaction region Is not very small_ m_c_omparison t0 the andom coincidence ratio, which was better than 100. The
average (_jlstance to _the detect(_)r, this fitting procedure doel?pical rate of recombination events in the imaging data
not constitute a detailed analysis of the angular distribution, . ointed to 0.1-10 3. In principle, the observed

Rather, the size of the anisotropy parameig; gives a gen-  nrqiacted-distance spectrum contains also events produced
eral characterization of the dissociation process with respe%y electron capture from the residual gas ahead of the detec-
to the two extreme situations where the fragments dissociatlg), ,< these events can also produce two correlated frag-

predominantly perpendicular or parallel to the electron initial , ahts. However. as mentioned above. this background was
momentum(same as the beam direction if the transverse MOt5und to be negligible in the present c:;lse

mentum of the electrons can be neglest&ne should also Measurements of projected-distance spectra were per-
emphasize that this imaging method, as it is sensitive to thg) aq for CH at zero c.m. energyE=0) with continu-
final kinetic energy of the fragments, yields the “true” ously matched electron and ion beam velocitiEs=E,, cf.
branching ratio of the DR process. Any radiative decay 0Csgc” |1 B 3, and at selected nonzero c.m. energigs,. In the
curring after the dissociation does not influence the spectrunyiar cases, for each injection and after an electron cooling

of projected distances. This stands in contrast to optical déspase of 6 s. the electron ener§y was stepped up to a
tection methods, where corrections for cascades between t Snstant Ieve,l E.>E,), yielding the desired value of the
e c/

final excited states of the fragments have to be taken intq - energyE according to Eq(6) for a measurement period
account 30,31 of up to 20—25 s. No effort was made to apply in the imaging
measurements the “wobbling” technique described in Sec.
I B 2, which would have required a cumbersome synchroni-
For the determination of the DR final states and their corzation with the CCD camera readout. However, the shift of
responding branching ratios, the neutral particles were dethe c.m. energy due to the friction force after 20—-25 s mea-
tected by an 80-mm-diam Chevron Micro-Channel-Platesuring time is estimated from Egé7) and (6) to be only
(MCP), coupled to a phosphor screéee Fig. 1L Each par- 0.011 eV atE=0.1 eV (the lowest nonzero c.m. energy at
ticle impact on the detector produced about &ectrons on  which imaging measurements were perforinadd thus ap-
the output side of the MCP. These electrons were then agears tolerable; the shift, varyingE Y2, becomes even
celerated toward the phosphor screen to create a light spstnaller for higher c.m. energy.
which was clearly visible. The image generated by these We finally consider the proper choice of the overlap
spots was digitized at a rate of 25 frames per second usinglangth for fitting the projected-distance spectra, as discussed
charge-coupled devicéCCD) camera, coupled to a fast in Sec. Il C 1, considering the influence of the bending re-
frame grabber devicg32]. On analysis, the positions of the gions of the electron beaifsee Sec. I B 2 It can be seen
light spots were determined using a peak finding procedurdrom Fig. 3 that the rise of the c.m. electron energy due to

2. Experimental details



4040 Z. AMITAY et al. 54

FIG. 5. Potential-energy curves for CH
(solid lineg and CH(dashed lines[35,11,9; for
CH only those relevant for the DR process at
E=0 are shown. The dotted lines show correla-
tions between the molecular states and the
separated-atom limit.

Potential Energy V(R) (eV)

R (A)

the increase of the angle between the electron and the ido be 0.3 eM35]. The lifetime against radiative decay to the
beam becomes significant in comparison to the c.m. energyround state is unknown. Above tlae’ll are theA I and
spread of the electrons in the straight sectior-&tcm from  theb 33 states with potential minima, respectively, 3.1 and
Xo; hence for the fit we subtracted 50 mm from the nominal4.8 eV higher than th& 13" level. The lifetime of theb 33~
overlap length on either side of the electron cooler. In addistate against decay by electronic transitions toaRH state
tion to DR events from the straight overlap region the Spectrias been calculated for the relevant rovibrational levels, the
also include DR events from the overlap between electronﬁ)ngest value being about s [36]. The lifetimes of the
and ions in the bending regions, which represent an addigiher excited electronic states of CHare known to be
tional 18 cm on either side. Under unfavorable conditionsgporter than this valug37]. Under the Born-Oppenheimer
these events may cause significant additional contnbunons in, proximation and disregarding vibrational excitation, the
the prOJected-d|stance' spectra,.smeared out towards h|gh8 ergies as well as the lifetimes of the electronic states of
distances corresponding to higher-energy releaBgs. CD* are identical to those of CH

From the discussion in Sec. lll B, we see that, at the c.m. According to theoretical calculations for the lifetime of
energies where fragment distributions were measured, the g

relative size of these contributions amounted to less thaﬁxc'ted rovibrational levels of thx "% state[38] the radia-

10%, which is near the statistical uncertainty at which thellve lifetime for the slowest vibrational transitidfrom v =1

. e b
branching ratios can be determined; hence it appears accefi.9) iS 710 ms for CH, while itis abou 4 s for CD". Hence

able to disregard the influence of the bending regions. it is expected that a full relaxation of the initial vibrational
population produced in the ion source will occur on a time

scale oft<3 s for CH" and oft<20 s for CD". However,
this estimate does not include the lifetime for the radiative
decay of the metastabke Il state. The analysis of the im-

In Fig. 5 we show potential-energy curves of Chiel-  aging data will show that this state is considerably populated
evant for our experiment as well as some excited states @t injection, and that the lifetime of this state, as measured in
CHP[11,9,33, together with their asymptotic separated atomthe present experiment, is about &ee Sec. Il A 2 There-
limits. The ground electronic state of CHX 3%) is well  fore in order to measure the DR cross section of fully relaxed
known and has been extensively investigafdd,35. The CH™ the data taking was started after 15 s and the beam was
equilibrium bond length iR,=1.131 A and the dissociation stored for a time of up to 20 or 25 s, after which at least
energy isD,=4.08 eV. The vibrational constant in the elec- 90—95 % (see Sec. Ill A 2 of the molecular ions have re-
tronic ground state amounts to 0.344 eV. The first excitedaxed to the vibrational ground state of the'S,* state. For
bound state is the metastald€’ll state. This state has not CD™, the time needed to fully relax the molecular ions ex-
been detected by spectroscopy as optical transitions to theeeded the useful storage time of the be@me lifetime of
s * ground state are highly forbidden, but it has been investhe CD" beam in the ring has been shorter than 5 s, see Sec.
tigated theoretically35]. The potential minimum of tha °IT I A) and consequently the results presented for this species
state was calculated to be about 1.14 eV above that of th@btained at times of 11-14 s after injecticare only for
X I3 state; however, the uncertainty of this value is quotedpartially relaxed ions.

D. Relaxation of excited states and other relevant properties
of CH* and CD*
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ll. RESULTS apart froma °I1, amount to only<5 us. The lifetime of the
. . . lowest-lying a °I1 state against decay to the ground elec-
A. Internal cooling of the beam in the ring tronic stateX 3" (by spin-orbit coupling has never been

1. Time evolution of the projected-distance distribution at=p ~ calculated or measured, but can be estimated to be of the

—0 th | . hich _order of a few secondésee Sec. Il A 2, which is of the
At E=0, the only asymptotic states which are energeti-gyme order as the decay time observed in the data of Fig. 6.
cally accessible for the recombination of vibrationally cold,

ground-state CH ions are those where the H atom is in its Hence we come to the conclusion that the low-kinetic-energy
ground state, H (4), and the C atom in any of the following release(small projected distangés due to the DR of meta-
excited state,S' éP), (E, 3p=7.18 eV}, C('D) (Ey 15=5.92 stable, electronically excited CH ions in the state

: k3p=1. , kD= O-

3 _ .
eV). C(iS) (Ex15=4.50 €V}, and @) (Exss=3.00 eV, a °II(v=0). From the time dependence of the two peaks

The numbers in parentheses correspond to the kinetic-ener%t‘own in Fig. 6 and that of the cross section observed at

release for each of the final asymptotic states of the carbo =0, it IS pos§|ble to extract the lifetime of ﬂm3lj[(v:.o)

atom, relative to the vibrational ground state of CH I€Vvel, whichyields a value ofs;~7 s. More details will be

[X 'S *(v=0), see Fig. 5 and were obtained using the 9iven in Sec. lll A 2. The vibrational relaxation inside the

known dissociation energ@o of CHJr as well as the ener- pOtentIa| well of thea 3H state can also be seen in F|g 6, as

gies of the asymptotic states of C and40]. Accordingly, the left peak is getting narrower during the i s after

the projected-distance distributions should correspond ténjection. Vibrational excitation initially leads to a higher-

high-energy releases &f3 eV. energy release and thus larger projected distances, and by
The observed projected-distance spectrum measured foibrational cooling the right-hand edge of the peak is then

E=0 for various time slices after injection is shown in Fig. 6. expected to get steeper just as observed. We can conclude

The horizontal scale is given in mm and is the measuredhat the vibrational relaxation time inside tae€’Il potential

distance across the surface of the detector between the C an@ll is considerably shorter than the decay time to the

H fragments. As can be seen, two peaks are present in thegeound state by electronic transitions; it is of the same order

spectra, with a ratio which is a strong function of the storagef magnitude as the vibrational relaxation time in the ground
time. One peak, whose relative height is rising with time,electronic state.

corresponds to energy releases characteristic of the ground-

state ions as discussed above, whereas a second peak corre-

sponds to considerably lower-energy releasesbfeV. The

fact that the branching ratio between these two is a function The lifetime for the decay of tha °II state to thex 13"

of time is a clear indication of internal relaxation inside the state was deduced from the measured time dependences of

molecule. The simplest interpretation of this relaxation isthe total recombination rate and of the ratio between the

related to the decay of the metastahl&] state. integrated rates in the two peaks of Fig. 6, bothEatO.
According to the discussion in Sec. Il D the radiative life- Assuming that the beam loss rates are the same for both the

times for different excited bound electronic states of 'CH metastable and the ground-state ions, the total DR rate mea-

2. Lifetime and population of the &II state
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sured at a time after injection and normalized to the circu-
lating ion current in the ring at that tim@ee Sec. Il B Bis
given by

Npr() =K[Nasn(t)oasn+ Ny s+ (Hoxis+], (23

whereN, s;;(t) andNy 15 +(t) are the relative populations of
CH" ions in the a’ll and X 13" states, respectively
[Nasp(t)+Ny1s+(t)=1], and o535 and oyx1s+ are the
DR cross sections from these two statesEatO; K is a
constant of proportionality. We assurog sy andoy 15+ to

be the DR cross sections for the ground vibrational levels of
these state@nd hence the “effective” DR cross sections to

be constant in time, independent of vibrational relaxagtion

This approximation is valid in the present case, since the

decay times for the vibrational levels inside #éll and the

X 137 potential wells are both considerably shorter than the

decay time ofa 3[I(v=0) to X !37, as discussed in Sec.
I1D.

The ratio between the two peaks observed in Fig. 6 is 0 5

given by

NX 12+(t)0’x 1y +

R(t)= (24)

Nasm(t) o4 30

Combining Eqs(23) and (24), one finds that the measured
functionsNpg(t) andR(t) yield the following quantity pro-
portional to the relative population of the’lI state:

Npr(t)
RO+TL

Papi(t)=KogspNa sp(t) = (295
Now, the relative population of the *I1 state should follow
an exponential decay law with the natugediative lifetime
Ta311; hence

PSH(t): Poexq_t/Ta 31‘[), (26)
with an arbitrary constar®,. Figure {a shows the function
Ps(t) as obtained from the measured dé&tacombination
rate measurements are available for £ts20 9. These
points were fitted using the exponential law of E2p) and a
value of r, 3s=(7.0=1) s was obtained for the natural life-
time of the metastabla °IT state.

Based on Eq(24), and on the exponential decay law of

the relative population of the metastall€ll state
Na SH(t):Na 3H(t0)exn:_(t_to)/7'a 31’1], (27)

with N, s;(tg) being the population at some arbitrary timge
since injectionR(t) can be expressed also as

Oxly+ 1

saon | Naon(to)exd —(t—tolraan] ©
(29)

R(t)=

Figure 1b) shows the measured functi®(t) together with
a fit according to Eq(28), using data points far>3 s(when

Z. AMITAY et al.
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FIG. 7. Lifetime and population measurement of ¢h&1 state.
(a) The quantityPsy(t), proportional to the relative population of
the a 3I1 state according to Eq25), as obtained from the recom-
bination rate and the imaging datakat0, is shown versus the time
since injection. The smooth line is an exponential(b}. The quan-
tity R(t), as obtained from the imaging dataEt0 according to
Eq. (24), is shown versus the time since injection. The smooth line
is a fit according to Eq(28) as described in the text.

+0.15 and N, s(tg) =0.50+0.10, respectively(t;=3 9.
This indicates that the DR cross section of th&ll state at
E=0 is about a factor of 2 larger than that of the ground
electronic state. Now, using EQR7), the population of the

a °II state can be derived for all storage tiniest amounts

to ~10% at 15 s, and te=5% at 20 s. In other words, after
15 s,~90-95 % of the molecular ions have relaxed to the
vibrational ground state of th¢ 13 * state. The population of
the a 3l state at injection(t=0) can be evaluated to be
~60-70 %.

B. Experimental DR cross section

The experimental cross section for the DR of CHs a
function of the center-of-mass electron energy, taken in the
time window of 15-20 s after injection, is shown in Fig.
8(a). As discussed above, it should reflect the cro$g)
from vibrationally fully relaxed CH ions, of which=90%
are in theX '3 ground state and<5-10 % in thea 31
metastable state.

The cross section displays a rich structure with resonances
both at low and high energies. We first turn to the influence
of the bending regions on these data. The result before the
correction for the bending regions, as discussed in Sec.
I B 3, is shown as a thin line, whereas the thick line shows
the cross section after this correction. The correction for the

the initial vibrational population produced in the source isbending regions has little influence on the shape of the cross

fully relaxed, see Sec. |l Dand settingr, sp; to the value of

section and amounts to only a few percent; however, on the

7.0 s from the pure exponential fit discussed above. Théow-energy side of wide and strong resonances it becomes
cross-section ratio and the initial metastable population wer&arger and ranges up to 30% between 4 and 8 eV. Arrows

varied in the fit and determined to e 1y +/0,37=0.43

indicate the energies where final-state branching ratios were
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FIG. 9. DR cross section of the groudd's, * (v =0) state ob-
tained according to the description in Sec. Ill B. Some typical error
15-20 s after injection wheré94=5)% of the ions are in the bars are given; the .systematic.error of the absolute cross section is
X 13 *(v=0) state and6=5)% are in thea 3TI(v=0) metastable i_50%. Also shown is the_ previous m_easurement_of Mudil._[14]
state. Thick line: the experimental cross section after correction foftfiangles and the theoretical calculation by Takagi, Kosugi, and Le
the bending regions; thin line: result before this correction. Somé>ourneuf [11], convoluted with the experimental resolution
typical error bargstatistical error onlyare given; the systematic (Smooth ling. The previous experimental data of Met al. [14]
error of the absolute cross section-i$0%. (b) The experimental Nave been divided by 2 to correct for a calibration error in the
DR cross section after the correction for the bending regions. Thiclftiginal data[39]. The smooth line in the inset is also the convo-
line: for the time window 15-20 s after injectidshown also in luted theoretical calculation of Takagi, Kosugi, and Le Dourneuf.
(a)]; thin line: for the time window 7—10 s whe(@7+10)% of the
ions are in theX 3% (v=0) state, and(23+10)% are in the
a °[I(v=0) metastable state.

FIG. 8. (@ DR cross section of stored CHions measured

o(E,ty) —[1—Ngsp(ty) oy 15+(E)
Nasn(ty)

measured using the imaging detector. It can be seen that tHdUs using the two measured cross sections shown in Fig.
contribution from the bending regions at all these energie$(b) and the respective relative populations for the two time
remains below 10%. windows [Ny 15+(t;) =(77%10)% and Ngsp(t;)=(23
Figure 8b) shows the measured DR cross sections aftef= 10)% for 7—10 sNy 15+ (t2) =(94=5)% andNgsp(tz)
the correction for the bending regions for the time window of =(6+5)% for 15-20 § the DR cross sections of ions in
15-20 s[thick line; same data as in Fig(@] and for the theX X" state and of metastabée®[T ions can be extracted
earlier time window of 7—10 &hin line), when~ 25% of all ~ separately. . _ .
ions were in thea °I1 metastable state. By combining the ~ For the ground-state ions this procedure yields the cross
data measured in both these two time windows, it is possibléection shown in Fig. 9. The absolute value of this cross
to extract the cross section for the molecular ions in thesection has a systematic error060% corresponding to the
X 3% ground state. Using the notation of the beginning ofprecision at which the ion current inside the ring could be
Sec. Il A 2, the total DR cross sectian(E,t) measured at determinedsee Sec. I B 2 The previous measurements of
timet after injection can be expressed as Mul et al. [14] for the DR of CHF over the energy interval
0.03-0.4 eV are plotted for comparison as triangles. These
data were obtained in a single-pass merged-beam-type ex-
periment, using an ion source with a paramagnetic buffer gas

Combining the measured cross sections from two differento quench the metastabée’lI state. The data of Mubt al.
time windows, labeled by the median timesandt, for ~ Were divided by 2 to correct for a calibration error in the
which the relative populations of both states are knownoriginal data[39]. A theoretical calculation for the DR cross
yields the ground-state cross section as section of they =0 state of ground-electronic-state Chbns

has been performed by Takagi, Kosugi, and Le Dourneut
[11] and is shown as a smooth line in Fig. 9. The calculation,
which is limited to the low-energy rangeé<0.3 eV, has
been convoluted with the present energy resolutgme Sec.

II B 2). Due to this convolution, all the narrow resonances
caused by indirect DR, appearing as dips in the original cross
section[11], are completely smeared out.

oa3n(E)= - (D)

o(E,t)=Ngs(t) oz 3(E) + Ny 15+ (t) oy 15+ (E). (29

Nasr(ty) o(E,t2) = Na sp(ty) o(E,ty)
Na 3H(t1) —N, 3H(t2)

ox15+(E)=
(30

and the metastable-state cross section as
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In the energy range of 0.01-0.15 eV, the overall experi- T T T
mental cross section of th¢ '3 " ground state decreases as
«E~10 from an absolute value of 1210 cm™? at 10714
E=0.01eV t0 6.%X10 ¥cm 2at0.17 eV. Superimposed on
this decrease, the cross section shows a complicated structure
with peaks centered at 0.080 é®WWHM 0.040 eVf and 0.33
eV (FWHM 0.15 eV, see inset of Fig.)9and further peaks
with a FWHM of ~0.1 eV at 0.50 and 0.59 eV. A prominent
feature then appears between 0.7 and 1.A@éks at 0.96
and 1.11 eV, and finally again a smaller peak is seen at 1.55
eV. At energies above 4 eWvhich is close to the dissocia-
tion energy of CH) the structure is dominated by two broad
peaks with maxima at 8.6 and 11.7 eV. The physical inter-
pretation and hypotheses about the nature of these low- and
high-energy resonances in the DR cross section will be dis-
cussed in Sec. IV, after the presentation of the final-state
branching ratios.

Compared to the previous measurement of Milal.
[14,39, the experimental cross section of tKéS " state is
systematically lower by a factor of£2. Also, the various
resonances found _in the present measured cross_section arér|G. 10. DR cross section of stored, partially relaxed‘dns,
missing in the earlier data. The low-energy slope is cOMpPageasured 11-14 s after injecticthick line), in comparison to the
rable for both dataisieots, althqlégh the present cross section igyss section of relaxed CHu =0) ions (15—20-s time windowof
a litle steeper(<E~* vs xE~*%). The overall agreement Fig ga) (thin line). Both cross sections have been corrected for the
between the present results and the theoretical calculation f@ifluence of the bending regions. The CRross section has been
v=0 is good up toE=0.055 eV. Above this energy, all the arbitrarily scaled to match the CHcross section at low energy.
structures observed in the experimental data are not present
in the theoretical cross section. the CD" data, but a small resonance appears at 0.5 eV. On

The cross section for the DR of tlee’lT metastable state the other hand, the structure centered at 1 eV is present both
could not be extracted, using the procedure described aboviyr CH™ and CD". The high-energy resonances for CBnd
with reasonable relative error€The errors amount to 85— CH™ are of comparable relative size and located at the same
100 % depending on the enerpylhis can be understood energy.
from the fact that, during both time windows of 7—10 and of =~ The structures in the DR cross sectigioth for ground-
15-20 s, thea 31 state was poorly populated, so that thestate CH and for CD') are probably more complex and
measured cross section is largely dominated byXH&*  narrower than the measured spectra reveal; some of the
state. Within the errors, however, the results for the DR crospeaks might be smeared out by the finite energy resolution
section of thea 3l ions are at low energies consistent with which amounts to about 0.03 eV at 1 eV; the 0.3- and 1-eV
the cross-section ratio @fy 15+ /0, 3;=0.43+0.15 derived  structures appear to be composed of various unresolved
in Sec. lllA2 for E=0 and, at higher energies, show a peaks and dips.
smooth decrease nearhE .

In Fig. 10, the cross section for the DR of CIthin line),
measured with the same energy resolution as for" Cid ) )
compared to the DR cross section of Clds measured for ~_1h€ branching ratios for the DR of C*l-_hNere_ measured
the time interval of 15—-20 Ehick line; same data as in Fig. USing the 2D imaging detector as described in Sec. Il C 2.
8(a)]. Both cross sections have been corrected for the inﬂuPrOJected-dlstance_ distributions were a_wcumulated_ for vari-
ence of the bending regiortsee Sec. Il B 8 The measuring ous electron energies, and an_alyzed_ using the functions given
time window for the CD cross section was 11—14 s. At this In EGs.(20—(22). The branching ratios as well as the char-
point, it might be important to remember that the Cns a_cterlstlc_ anisotropies are summarlzed in Table I. We em_pha-
could not be fully vibrationally relaxedsee Sec. Il . At size again that thege gnl_sotroples shoulq be _regardedlln ac-
energies above 3 eV the CDcross section was extracted cordance with the limitations of the 2D imaging technique
including also results from a previous measuremi@d,  (See Sec. lIC 1L
where already the previous experimental energy spread was
small compared to the width of the observed structures. The 1L E=0
CD" cross section has been arbitrarily scaled to match the Figure 11b) shows the region of large projected distances
CH™ cross section in the low-energy range, as the'G@n  (representing high-kinetic-energy relepsen an enlarged
beam current was too weak to be measured for obtaining ascale for the time interval ¥t<25 s, during which the
absolute cross section. Therefore no comparison of the oveoverall shape of this part of the spectrum is constant. These
all cross-section size is possible. One finds, however, that thdata represent the energy release for DR from the
positions of the low-energy resonance are different and, iXX 3% (v=0) state of CH. One can clearly see from its
general, the peaks are much less pronounced. For exampkhape that this distribution cannot be due to only a single
the peak at=0.3 eV in the CH cross section is missing in contribution. The solid line shown on the data is the result of

| IIHIIl

T IIIIH‘

o

|
-
o2

DR Cross section (cm®)

I \\III\‘
| IIHIIl

N
o
|
~
|

0.10 1.00 10.00
Electron energy (eV)

O 1T

o

C. Final-state branching ratios



54 DISSOCIATIVE RECOMBINATION OF CH: CROSS . .. 4045

TABLE 1. Branching ratiosh, and anisotropy parameteds , for the DR of CH' as determined from the projected-distance distributions
measured at different c.m. energiEs The kinetic-energy releasgy , was set to fixed valuegas listed, except for thea 31(v=0)
component aE=0.

E (eV) Initial state Final stat® Exn (8V) an b, (%)
0 a 3 (v=0) H(1s) +C(3P°) 0.90+0.09 0 7+5
H(1s) +C(*P°) 0.70+0.08 0 82>
H(1s) +C(CDO) 0.44+0.08 0 85732
X 13t (w=0) H(1s)+C(*D) 5.92 0 79-10
H(1s)+C(*S) 4.50 0 2110
0.11 X 3% (v=0) H(1s)+CCP) 7.29 2.009 50 0rge
H(1s)+C(‘D) 6.03 —-0.10+0.75 75£25
H(1s)+C(*S) 461 1.25-0.75 25+25
0.28 X 13t (@w=0) H(1s) +C(P) 7.46 2.008 4, org®
H(1s)+C(*D) 6.20 0.02:0.60 75:25
H(1s)+C(*S) 4.78 1.16-0.45 2525
1.18 X 13t (w=0) H(1s) +C(3P°) 0.88 1.55-0.45 25732
H(1s) +C(*P°) 0.68 140382 20139
H(1s)+C(D°) 0.42 —1.00"3%° 45+15
H(1s)+{C('D),C(*s)} {7.10,5.68 10+7
9.04 X 13t (w=0) H(31)+C(P) 4.13 30:20
Others ~70

% ,=—1: sirf6 charactera,, ,=0: isotropic charactem, ,=2: co6 character.
bThese values include a common additive term fitted to the et text
‘Measurements carried out at 0.93 and 1.04 eV have the same branching ratios and the same type of anisotropy.

a fit made using the line shape defined by Eg6)—(22) for ~ would have been noticeable in the spectrum due to the dif-
all the possible final states accessible at this energy, as listddrent energy releases as demonstrated, e.g., by the first three
above(see Sec. Ill A 1, with the branching ratios,, being  frames of Fig. 6 for DR from the °II state.

the free parameters. Since the velocity distribution of the Figure 11a) shows the left peaKsmall projected dis-
electrons in the c.m. frame becomes isotropic in the limittance$, which corresponds to energy release for DR from the
E—0, the anisotropy coefficients, , were first fixed to the a 3 (v=0) state atE=0, on an enlarged scale for the
value of 0, so that the functionB,(D) for all final states time slice of 3<t<15 s (i.e., after vibrational cooling as
represent isotropic distributions. A fit with adl, , as free  pointed out above together with a fit using the theoretical
parameters turns out to be compatible with isotropic anguladistribution given by Eqs(20)—(22). The fitted contribution
distributions, as expected, the branching ratios remaining urfrom the peak at larger projected distan¢sse aboveto this
changed within the error bars. The fit resulége Table)l  part of the spectrum has been subtracted. As expected, along
show that only two states are produced with significant probthe whole time slice 8t<15 s, the overall shape of this
ability, with a branching ratio of(79+10% for the peak(after the subtractionis left unchanged. The relevant
H(1s)+C(!D) asymptote and (21+10)% for the branching ratios, including the corresponding energy re-
H(1s)+C(!S) asymptote. The data do not show any signifi-leases, are summarized in Table . Again, siBce0, at first

cant contribution from vibrational excitation in thé S * stage the anisotropy coefficierdg , were fixed to the value
electronic state, which justifies the use of #he0 state as of 0 to represent isotropic distributions. However, as op-
the initial energy level in the fits; any vibrational excitation posed to theX 'S* (v =0) results, their fitted values are not

LN B L B B B A O B O B L B I T 7300

(b)

1000 H(15)+C('D) 4250 FIG. 11. Projected-distance spectrum for

E=0 on an enlarged scal¢a) small energy re-
lease (assigned to metastabke 31 ions), time
window 3<t<15 s (the fitted contribution from
the highb peak has been subtracted from the
datg; (b) large energy releas@ssigned to the
X I3 ground state time window 15<t<25 s.
The solid lines are least-squares fits to the distri-
‘ butions, as explained in the text, using the com-

I I RIS ponents indicated by the dot-dashed lines.
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100_(6) (b)
H(1s)+C(*D) H(1s)+c('D) 100
80 a0
" H(1s)+C(*S) H(1s)+cCs) FIG. 12. Projected-distance spectrum for
= 80 50 E=0.11 eV(a) and 0.28 eV(b). The solid lines
3 , ] are least-squares fits to the distributions, as ex-
© «0 v - 40 plained in the text, using the components indi-

\ - - cated by the dot-dashed lines.
20 - s 1a0

e b Ny cov b N

10 15 20 25 10 15 20 25

Projected Distance (mm)

compatible with isotropic distributions when they are intro- anisotropy of the DR cross section, if it exists, should be-
duced as free parameters, and the changes of the branchiogme observable. The angular distributions of the main chan-
ratios in comparison to the isotropic fit exceed the error barsnel H(1s) +C(!D) remain consistent with an isotropic distri-
An explanation for this inconsistency may be the procedurdution of the fragments, while the other signal components
used to extract the left peak, i.e., the subtraction of the conshow angular anisotropy, which represents dissociation in
tribution from the right peak according to its fit. In any case,preference parallel to the beam direction. The values of the
the branching ratios given in Table | are those obtained byranching ratios remain unchangedthin their error barksif
requiring isotropic distributions; the error bars, however, in-the distribution is forced to be isotropic.

clude the results of both cas@misotropy coefficients forced

to zero or varied in the fit 3. E=0.93, 1.04, and 1.18 eV

It is |mporta3nt to note that the value of the excitation  The measured projected-distance spectra for electron en-
energy of thea “II state is known only from theoretical cal- ggies of 0.93, 1.04, and 1.18 eV, as measured between 15
culations with large estimated uncertainty of 0.3 E6].  4nd 21 s after injection, are shown in Fig. 13. For the recom-
Thus in the above fit we have left the energy difference beyination of ground-state ions, three more asymptotic states,
tween the ground vibrational state of tae'll state and the in addition to those considered so far, have now become
H(1s)+C(D°) limit as a free parameter; the energy differ- energetically accessible; these are BY:C(P°),
ences of the two other final states relative to theH(ls)+C(1P°), and H(1s)+C(CDO) (see Fig. 5 The spe-
H(1s) +C(°D°) level were fixed to their well-known values iic values ofE have been chosen in order to sample one of
[40]. The excitation energy of tha *II(v =0) level relative the most prominent structures in the DR cross sectiae
to X !3*(v=0) is extracted from this fit to b€1.21+0.05 Fig. .
eV, a result in good agreement with the theoretical value of “aAq can be seen from Fig. 13, the projected-distance spec-
(1.145+0.3) eV [35,36 but having a much smaller uncer- {5 are very different from those observed at lower energies
tainty. This is in fact_, to_ our best knowledge, the first mea-j, the same time window, and correspond to much lower-
surement of this excitation energy. kinetic-energy releasemaller projected distancesAs a
consequence, the contributions of metastalgge3I1) and

2.E=0.11and 0.28 eV ground-statgX '3) ions now more strongly overlap in the

The energy of 0.28 eV was chosen in order to perform grojected-distance spectrum; however, based or{Zy.and
final-state measurement on one of the large low-energy resdrig. 7(b) the contribution from ions in tha °II state to the
nances in the DR cross sectiggee Fig. 8 while E=0.11  data shown in Fig. 13 does not exceed 15% of the integrated
eV lies in a less structured region of the DR spectrum. Figureate. Considering therefore the observed spectra to represent
12 shows the observed projected distance distributions of thiie recombination of ground-state ions, we conclude that in-
carbon and hydrogen fragments for these electron energies deed, at these electron energies, the DR fragments mainly
the “fully relaxed” time slice of 15<t<25 s after injection, emerge in different final states as compareé t0 [see Fig.
together with the fit results. Only the larger-distance speci1(b)], although there is also a long tail toward larger
trum (D>10 mm) is shown, as the low-distance part containskinetic-energy releasesee the insets in Fig. 13
the contribution from ions in the °IT state, which is not For all three c.m. energies in this region, the fitted branch-
relevant to the present discussion. At these two c.m. eneing ratios are comparable within the error bars, so that the
gies, the final atomic states energetically accessible from theesults for 1.18 eV, given in Table I, can be considered as
electronic ground state are the same asHet0. Fitting the  representative. The long tail toward the larger kinetic-energy
measured spectra, with the branching ratigsand the an- release could not be fitted because of the small statistics, but
isotropy parametera,, being the free parameters, yields the the end point of the tail clearly corresponds to the kinetic-
same branching ratios for both energiese Table)l Note energy release related to the Hj#C(D) and
that the H(®)+C(®P) asymptote cannot be excluded as aH(1s)+C(*S) final states, which are the mainly populated
possible final state with a small branching ratio. Now, asones atE=0. These tails represent a branching ratio of
opposed toE=0, the incident electrongseen in the c.m. ~10% at the present energies. For théRS) and G*P°)
frame are strongly directed along the beam direction and thessymptotes, angular anisotropy toward a character dfdcos
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FIG. 13. Projected-distance spectra for
E=0.93 eV(a), 1.04 eV(b), and 1.18 eMc). The
solid lines are least-squares fits to the distribu-
tions, as explained in the text, using the compo-
nents indicated by the dot-dashed lines. The in-
sets show the long-distance tails on a compressed
scale.
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(i.e., dissociation predominantly parallel to the beam direcsmearing in the spectrurfdue to the long overlap with the
tion) is found, whereas the character?ti.e., predominant electron cooler and the 2D projectjoiT he fit shown in Fig.
dissociation perpendicular to the beam directisrfound for 14 is only one out of many possible fits, and it is given only
the Q°D°) channel. As pointed out in Sec. Il C 1, it is diffi- for illustration. It includes only two final states:
cult at this point to give a more exact angular dependenceC(*P)+H(31) with 40% branching ratio and isotropic distri-
and in fact higher-order Legendre polynomials may be inbution, and H(%)+C(*D°) with 60% branching ratio and
volved (see Sec. Il C L This might also be the reason for the angular distribution of character os

relatively poor fit at small distances in the spectra displayed
in Fig. 13. The existence of the anisotropy is also supported
by the fact that the spectra could not be fitted well when A. Lifetime of the a °II state
isotropic angular distributions were forced for all channels.

IV. DISCUSSION

The lifetime of thea °I1 state obtained in Sec. Ill A 2 can
be compared to a simple theoretical order-of-magnitude es-
timate of the radiative lifetime of this state. The finite radia-

As the DR rate coefficient decreases strongly as a functve lifetime is due to the spin-orbit mixing between téll
tion of energy, poor statistics makes it more difficult in this and theA I states. From perturbation theory, one can ob-
energy range to obtain reliable information on the finaltain for the Einstein coefficient o& 3II the following for-
states. At the same time, the true-to-random coincidence ranula[41]:
tio for the imaging detector is getting smaller due to the
increase of the cross section for DE proceg&ass. (4) and Y LA R BRIV R AR R
(5)]. Nevertheless, we succeeded in obtaining partial experi- HED+CCP)
mental results on the final states for the DR of Tt 8o
E=9.04 eV, i.e., just on one of the high-energy resonances. sl
The measured projected-distance distribution is shown in
Fig. 14. At these energies, many states are energetically ac-
cessible, and out of them we succeeded to identify the con-
tribution of the channel GP)+H(3l) with a branching ratio e | L
of (30:20)% (the peak position in the spectra corresponds O
exactly to the energy release of this chann@ue to the Projected Distance (mm)
many possible final states, the angular distribution was diffi-
cult to determine quantitatively, but qualitatively it can be  FIG. 14. Projected-distance spectrum Ebr9.04 eV. The solid
stated that it is of character between isotropic andésin Jine is the fit obtained for the final channels®8)+H(3l) and
Other particulakset of statés), either with smaller or higher Cc(®D°)+H(1s), using the components indicated by the dot-dashed
internal energies, could not be singled out, because of thknes.

4. E=9.04 eV

H(1s)+C(*D*)

40 -~

20 ' [ < i N —
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(a 3H|H§JA 1) 2 instead of peaks in the cross section. As a further experimen-
E(A ) —E(a 3H)) tal evidence, the imaging data show that the branching ratios
for the final states over the energy range up to 0.3 eV are
v(a 3-X =)\ constant within the fitting error&ee Table)l Thus one can
»(A TT-X 12+)) conclude that the recombination at these energies proceeds
along the same dissociative cu(seas atE=0.
XAA TI-X 131), (32 One possible interpretation of the low-energy resonances,
consistent with the experimental results, is the assignment of
where A(A 1-X 13 %)=1/r, 1;=1/(850 ns)[42] is the these structures to an indirect DR process of a different type,
Einstein coefficient of the transitionA TI-X 137, in which the electron is first captured in one of the Rydberg
(a 3M1|H.JA T1)~30 cm ! is the spin-orbit interaction states of the neutral molecule having as a core a low-lying
energy [43], 1(a3ll-X13*)~10000 cm! and electronically excited, bound state of CHThe recombina-
WA ITI-X 137)~25000 cm? are the emission frequen- tion is then completed by @re)dissociation along one of the
cies of the forbidden and allowed transitions, respectivelypotential curves coupled to these Rydberg states. Such a
andE(A I)—E(a 3IT1)~15 000 cm! is the energy differ- mechanism, which we name a “core-excited indirect DR
ence between the °IT andA 11 states. Using these numbers process” was already discussed in connection with our pre-
in Eq. (32) we find for the lifetime of thea °I1 level in CH"  vious measurements of the DR of C[J20] and of OH"
a value ofrs;=1/A(a 3II-X '3 7)~3.3 s which, although a [45]. The core-excited indirect process can lead to peaks in
factor of 2 smaller than the measured value, is of the righthe cross section wherever the electron energy matches the
order of magnitude. The result of this comparison should b&nergy difference between the vibrational ground state of the
regarded as a good agreement considering the approxim¥-'=" potential curve and a vibrational level of a Rydberg
tions used in Eq(32) [44]. state with one of the bound excited cores. For'Ctiiere are
two bound excited states 3T andA II) which can support
two series of Rydberg states in this energy range. It is im-
portant to point out that capture into these Rydberg levels
The theoretical DR cross section of CHias been calcu- can occur by an electronic mechanism similar to that which
lated by Takagi, Kosugi, and Le Dourndufl] up toE=0.3  controls direct recombination. Moreover, in contrast to indi-
eV. He assumed that at these energies, the recombinatizact processes with a vibrationally excited care;0—v =0
proceeds via an interference between a direct process to tltapture will be possible, which has a large Franck-Condon
2?1 dissociative state, which crosses tKeé3 " state close factor and hence a large probability. Lacking theoretical cal-
to the left turning point of the low vibrational levésee Fig. culations of the energetic positions of the Rydberg states
5), and indirect processes via vibrationally excited Rydbergwith both thea °IT andA 1 cores(the position of thea *I1
states converging to thé 13" state of the ion, followed by state itself was known theoretically only with an uncertainty
dissociation along the same dissociative state. The?2I  of 0.3 eV [35], and only in the present experiment was it
dissociative state correlates to the separate atom limimeasured directly—see Sec. Il ¢, 1t is difficult to give a
H(1s)+C(*D) which, however, according to our results, is definitive answer as far as the identity of these intermediate
only one of the two DR final states actually reache&at0,  states is concerned. However, these states must be crossed by
0.11, and 0.28 e\MSecs. IlIC1 and IIIC 2 The imaging at least the 211 dissociative state, as the branching-ratio
data atE=0 show that(79+10)% of the dissociation pro- measurement shows.
cesses lead to the H§)L+C('D) asymptote and21+10)% In fact, the observation that the branching ratios on the
to the H(1s)+C(!S) asymptote, and thus seem to be in dis-0.33-eV resonance are practically the same as at lower ener-
agreement with this theoretical prediction. There are twagies strongly supports the idea that thdPRis theonly state
possibilities to explain this discrepandyl) There may exist crossing both theX '3* ionic curve and the excited-core
another state crossing the'S " state close to the lower part Rydberg states. The asymptotic limit H{)t+ C(*S), which is
of the potential curve and correlating at large distance to th@roduced in~=25% of the recombination events, is probably
H(1s) +C(*S) state, or(2) the 2°I1 state may be the only one populated due to a transition during the dissociation at larger
to cross the ground state of CHbut during the dissociation internuclear distances. A good candidate for a partner in such
a transition occurs between thél2 curve and another curve a transition is the 25" state, crossing the %1 state at 1.75
which correlates to the HE&) +C(*S) state. Our results do A (see Fig. 5and leading to C9) at the separate atom limit.
not allow us to differentiate between these two alternatives athus spin-orbit and rotational coupling between tHél2and
this point of the argument. However, some features to béhe 5" states would be responsible for the production of
discussed below, related to the branching ratios on th€(1S). Transitions of this type have already been studied
0.33-eV resonance, strongly support the second possibility[43], but the theoretical evaluation of the branching ratio in
The resonances found in the DR cross section at energidgbis specific case is beyond the scope of this work. These
up to 0.3 eV are missing in the theoretical calculations. Sincdransitions are usually not included in present theoretical cal-
the theory already takes into account the direct pro¢ess culations of DR, which are limited to the small internuclear
the 2211 statg as well as the indirect DR processésa  distances relevant to the recombination itself.
Rydberg states with ground-state cgrthe observed reso- The fact that at 0.11 and 0.28 eV the Hj#C(P) as-
nances cannot be attributed to these mechanisms. Also, tlygnptote cannot be excluded as a final state, as it 5=a,
indirect mechanism is known to yield much narrower reso-can be explained either by the limitations that the poorer
nances than presently measured and usually produces dipatistics of the 2D imaging spectralt=0.11 and 0.28 eV,

A(a II-X 12+)=(

B. DR at low energies



54 DISSOCIATIVE RECOMBINATION OF CH: CROSS . .. 4049

as compared t&=0, put on the analysis of the imaging data, cise positions of the Rydberg states wifi and®II cores are

or by the H(1s)+C(°P) asymptote being a real final state needed for a possible assignment of the experimental reso-
and of DR at those energies. In that case it can be reached ifances. On the experimental side, the angular anisotropy is
a similar way to the H(&)+C(P) asymptote, although difficult to interpret at the present stage as the exact func-
through coupling at large internuclear distances to a differentional angular dependence cannot be extracted from the 2D
state. In any case, the above discussion and conclusions hdf@aging data. On the other hand, one also has to recall that
as they are. the angular dependences given by O’'Malley and Talyay.

At an electron energy of about 1 eV, the final-state distri-(14) in Ref.[29]] take into account only the lowest partial
butions change dramatically as compared to the low-energ@ve of the incident-electron wave function absorbed in
range. The channels H§L+C('D) and H(1s)+C('S),  forming the resonant state. For CHhIS assumption may be
which were the dominant final states at low energies, now! default, as it is predicted that high-order partial waves do
represent only 10% of the branching ratio. Instead, the mod?lay @ role in its recombinatiofil1]. Detailed theoretical
important final states at the higher energy areCalculations of general angular distributions for DR frag-
H(lS)+C(3PO), H(lS)+C(3D0), and H(]S)+C(1PO). The ments are thus needed.
dissociative curves which lead to these separate atom limits
have not yet been computed theoretically, making it difficult C. DR at high energies

at this point to unravel the exact pathway from the recombi- The resonances centered at 9.05 and 12.15 eV have al-
nation point to the fragments. The simplest possibilities fol-ready been observed and explained in our previous &9k
low. . on the DR of CDO. They can be attributed to DR processes

(1) The resonances could be due to a direct process Wheggcurring via direct transitions to doubly excited dissociative
the electron is captured directly in ofer a few dissociative  Rydperg states of the neutral CH molecule. Resonances of
statés) yielding the above separated-atom limit. Because ofpjs type have already been observed also in the DR of HD
the observed narrow width of the resonance and its compliF17] and HeH [18].
cated structure, this possibility appears quite unlikely as, ina The 9.05-eV resonance is likely due to an excitation to the
direct process, the shape of the resonance reflects the Widgf®[y o ¢ 35+ jon cores accompanied by the capture of the
of the wave function in the ground state and the slope of thencigent electron in thel 3I1(n=3) or ¢ 33 *(n=3) Ryd-
dissociative curve. No suitable potential curve could beperg levels, respectively. In the imaging data, we find that
found which might yield the observed spectral shape withingne of the populated final states i€3R)+H(3l) which at
such a scheme. o ) small internuclear distance correlates to the3 Rydberg

(2) An excited-core indirect process, as discussed for thetates with thed 311 dissociative cordsee Fig. 5. Another
lower-energy resonances, is also possible at the energies C_Ogbssibility for reaching this final state is an excitation to the
sidered here. In this case, the neutral Rydberg state With3s+ jon core and capture of the electron in one of the
excited core is predissociated by potential curves which ﬁRydberg levels of this core, followed by Landau-Zener tran-
nally lead into the CP°), C(°D°), and G'P°), atomic states.  sitions tob 33 ~(n=3) Rydberg states which at large dis-
Although the identity of such dissociative steeis un-  tance also correlate to the observe@®R)+H(3l) atomic
known, the ZI1 state can still be dominant. Thus after its states. Other final states are also populated at this energy,
formation by electron capture and predissociation 12 however, as pointed out in Sec. Il C 4, due to the limited
state crosses the“8l, 4TI, and 571 Rydberg stategsee  resolution, a definite identification is not possible at this
Fig. 5 which correlate, at largR, to the G°P°), C('P°),and  pint,
C(’D) states. In fact, such transitions only become possible The peak at 12.15 eV, which has also been discussed in
at electron energies abo¥#=0.30 eV, considering the ener- the previous work on CD, is probably due to excitation and
getic posglon of the lowest of these final statfise., capture involving the 33*(nl) and 21I(nl) Rydberg
H(1s) +C(°P%)].. o _ states withn=3. However, because of the limited resolution

(3) Dissociative recombination processes without curveang the low statistics of the imaging data for this c.m. en-
crossing, as recently proposed by Guberrfnare known  ergy. no data for the final states are available here. The width
to produce strong structures in the cross section. In such g these resonances reflects the Franck-Condon factor be-
process, a single-electron radiationless transition replaces thgeen thex 1S *(v=0) ground-state wave function and that
two-electron radiationless transition that controls the convengs the dissociative stats), as well as the slope of thithese

tional direct DR(“crossing” mode), and the DR is driven by  statds) as a function of the internuclear distance.
the nuclear kinetic-energy derivative operator. More details

can be found in Ref5].

At this point, we favor the second possibilitgxcited-
core indirect procegson the basis that the ZI potential The DR cross sections of vibrationally cold Ckbns and
curve (see Fig. 5 runs parallel to the&X ' curve for elec-  of partially relaxed CD ions were found to have many reso-
tron energies from 0 up to 1 eV, so that the main dissociatiomances which have not been predicted by theory. These reso-
channel should always remain thél2 state. nances cannot be accounted for by the “standard” direct and

Clearly, theoretical calculations are required in order toindirect processes. We have shown that the core-excited in-
shed more light on the source of these resonances. Specitlirect process, in which an electron is resonantly captured
cally, theoretical results for singly and doubly excited statesnto a predissociating Rydberg state with an electronically
of CH are required to track the ‘“reaction path” from the excited core, is consistent with the experimental findings.
recombination point to the final atomic fragments. Also, pre-The measurement of the branching ratios has provided much

V. CONCLUSIONS AND OUTLOOK
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additional evidence useful for the interpretation of thesedirection with respect to the internuclear axis. Further im-

resonances. Moreover, it has demonstrated that, in predictingrovements of the apparatus, regarding in particular the en-
the final states of the dissociation products, not only the capergy resolution of the merged-beam setup and of the imaging
ture process at short internuclear distances but also the fudystem, are under way, and future experiments based on the
reaction path up to large distances has to be considered. Thge of heavy-ion storage rings and the technique of fragment

fragment imaging spectra also yielded additional informationmaging will then yield even more detailed information on
on the molecular structure of the CHon, in particular the  the nature of the DR processes.

lifetime of thea 3IT(v=0) level, which could be determined
to (7.0=1) s, and the energetic position of this level relative
to the X '3 (v=0) ground state, found to b@.21+0.05
ev.

The combination of merged-beam cross-section measure- We would like to thank A. Suzor-Weiner, S. Guberman, J.
ments and fragment imaging presented here offers a largéennyson, H. Lefebvre-Brion, and H. Takagi for useful dis-
potential for further development. More precise data on theussions. This work has been partially funded by the German
angular characteristics of the dissociation fragments can béederal Minister for Education, Science, Research and Tech-
expected from future experiments and will call for improved nology (BMBF) under Contract No. 06HD56@), and by
theoretical descriptions of the angular dependence of the Dhe German Israel FoundatiofGIF) under Contract No.
cross section, reflecting the influence of the incident-electrom-0208-202.07/91.

ACKNOWLEDGMENTS

[1] Dissociative Recombination: Theory, Experiment and Applica-{25] J. Linkemannret al, Phys. Rev. Lett74, 4173(1995.
tions, edited by J. B. A. Mitchell and S. L. Gubermé&World [26] H. Poth, Phys. Repl96, 135(1990.

Scientific, Singapore, 1988 [27] A. Lampert, A. Wolf, D. Habs, G. Kilgus, D. Schwalm, and M.
[2] A. Sternberg and A. Dalgarno, Astrophys.99, 565 (1995. Pindzola, Phys. Rev. A3, 1413(1996.
[3] G. Pineau des Forets, D. R. Flower, T. W. Hartquist, and A.[28] G. H. Dunn, Phys. Rev. Let8, 62 (1962.
Dalgarno, Mon. Not. R. Astron. So220, 801 (1986. [29] T. F. O'Malley and H. S. Taylor, Phys. Re%76, 207 (1968.
[4] D. R. Bates, Phys. ReW¥.8, 492 (1950. [30] R. A. Phaneuf, D. H. Crandall, and G. H. Dunn, Phys. Rev. A
[5] S. L. Guberman, Phys. Rev. 49, 4277(1994). 11, 528(1975.
[6] J. N. Bardsley and B. R. Junker, Astrophys. J. L&83 L135 [31] M. Vogler and G. H. Dunn, Phys. Rev. A1, 1983(1975.
(1973. [32] D. Kella et al.,, Nucl. Instrum. Methods /329 440(1993.
[7] M. Krauss and P. S. Julienne, Astrophys. J. L83 L139 [33] H. P. D. Liu and G. Verhaegen, J. Chem. PH§&.735(1970.
(1973. [34] H. Helm, P. C. Cosby, M. M. Graff, and J. T. Moseley, Phys.
[8] A. Giusti-Suzor and H. Lefebvre-Brion, Astrophys. J. Lett. Rev. A 25, 304(1982.
214, L101(1977. [35] S. Green, P. S. Bagus, B. Liu, A. D. McLean, and M.
[9] E. F. van Dishoeck, J. Chem. Phy§, 196 (1987. Yoshimine, Phys. Rev. /&, 1614 (1972; R. P. Saxon, K.

[10] J. Tennyson, J. Phys. B1, 805(1988. Kirby, and B. Liu, J. Chem. Physr3, 1873 (1980; R. P.

[11] H. Takagi, N. Kosugi, and M. Le Dourneuf, J. Phys2& 711 Saxon and B. Liujbid. 78, 1344(1983; B. Levy, J. Ridard,
(1992. and E. Le Coarer, Chem. Phy&2, 295 (1985.

[12] A. Giusti-Suzor, J. N. Bardsley, and C. Derkits, Phys. Rev. A[36] I. Kusunoki, S. Sakai, S. Kato, and K. Morohuma, J. Chem.
28, 682(1983. Phys.72, 6813(1980.

[13] J. B. A. Mitchell and J. Wm. McGowan, iRhysics of lon-lon  [37] K. P. Huber and G. Herzberdlolecular Spectra and Molecu-
and Electron-lon Collisions Series B: Physicgol. 83 of lar Structure (Van Nostrand Reinhold Company, New York,
NATO Advanced Study Institut8eries B: Physigsedited by 1979, Vol. IV, p. 144.

F. Brouillard and J. Wm. McGowariPlenum, New York, [38] F. R. Ornellas and F. B. C. Machado, J. Chem. PB¥s1296
1983, p. 279. (1986.

[14] P. M. Mul et al, J. Phys. B14, 1353(1981). [39] J. B. A. Mitchell (private communication

[15] Z. Amitay, D. Zajfman, and P. Forck, Phys. Rev.58, 2304  [40] S. Bashkin and J. O. Stoner, JAtomic Energy Levels and
(19949. Grotrian Diagrams(North-Holland, Amsterdam, 1975Vol.

[16] T. Heupel, Diploma thesis, University of Heidelberg, 1994 I, p. 57.

(unpublishegt U. Hechtfischeet al. (unpublishegl [41] H. Lefebvre-Brion and F. Guerin, J. Chem. Phyi®, 1446

[17] P. Forcket al, Phys. Rev. Lett70, 426 (1993. (1968.

[18] T. Tanabeet al, Phys. Rev. Lett70, 422 (1993. [42] M. Larsson and Per E. M. Siegbahn, Chem. PH§6&. 175

[19] M. Larsonet al, Phys. Rev. Lett70, 430(1993. (1983.

[20] P. Forcket al, Phys. Rev. Lett72, 2002(1994). [43] H. Lefebvre-Brion and R. W. Field®?erturbations in the Spec-

[21] D. Zajfmanet al, Phys. Rev. Lett75, 814 (1995. tra of Diatomic MoleculegsAcademic Press, London, 198.

[22] D. Habset al, Nucl. Instrum. Methods B3, 390(1989. 123.

[23] G. Kilgus et al,, Phys. Rev. A46, 5730(1992. [44] H. Lefebvre-Brion(private communication

[24] S. Pastuszkat al., Nucl. Instrum. Methods /869, 11 (1996. [45] Z. Amitay et al, Phys. Rev. A53, R644(1996.



