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Electron-induced vibrational deexcitation of H,™
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Using the Coulomb explosion imaging method, the change of the relative population for the first six
vibrational states of kI during the interaction with low-kinetic-energy electrons has been measured. A model
based on rate coefficients for dissociative recombination and superelastic collision processes is developed to
explain the time dependence of the relative vibrational populations. Using this model, we demonstrate that
superelastic collisions with rate coefficients of{#)x10 ®cn®s ! (about an order of magnitude higher
than available theoretical predictionsan explain the observed electron-induced vibrational deexcitation of
H2+.

PACS numbe(s): 34.80.Gs

[. INTRODUCTION During the last 7 years, intense experimental and theoret-
ical work has been done in the field of DR, mainly due to the
In regions where charged particles play an important roleadvent of the new heavy-ion storage rirjg3. These rings
like astrophysical plasma, the interaction between slow elediave made it possible to produce beams of vibrationally cold
trons with molecular ions is of importance for the knowledgemolecular ions, which can be merged with a strong and cold
of the chemical composition of such environments. One oflectron beam. However, the method relies on the fact that
the most important reactions is the dissociative recombinathe molecular ions cool radiatively to the ground vibrational
tion (DR) [1], which for the simplest molecular ion,H ina  state while being stored in the ring. Since a static dipole
ro-vibrational statev,J is described schematically bjgee =~ moment(relative to the center of masis required for such

Fig. 1) transitions to occur, the storage ring technique is not directly
applicable to H* and other symmetric molecules.
Hy" (X 224 ,0,d)+e (E)—H,** —H(n)+H(n"), On the other hand, HDhas been the subject of numerous

(1) experimental as well as theoretical studies. Based on the
Born-Oppenheimer approximation,,H and HD" have the
whereE is the electron energy, and,¥ is a neutral H  same electronic structure, and since HBas a rather strong
molecule in a doubly excited state. For low electron impactstatic dipole momenit5], the DR of vibrationally cold HD
energies and low vibrational levels, the process occurs viaould be studied in great detail using the heavy-ion storage
the dissociative' ; state[2]. The H** ('3 ) state disso-

ciates by crossing all the vibrational states of'Hsee Fig. 2 J/\ ' /l R /\Z '

1) as well as a series of Rydberg states of the neutral H o~
molecule. L e
The interaction between electrons and molecular ions SV_

does not lead always to dissociation. In fact, it has been /\4
theoretically demonstrated that one of the most important 1 v=4 .
factors in calculating the DR cross section is the autoioniza- M v=3

tion probability of the doubly excited staf8] that can also
lead to changes in the vibrational population of the molecular
ion. For electrons with low kinetic energipelow the first v=t
vibrational excitation threshald only deexcitation is pos-
sible, and for H* such a process is depicted as

U (ev)

H,"(v)+e (E)—H,"(v')+e (E+AE)(v'<v,AE>0)

2 'z;)

and is often called superelastic collisi®BEQC). -1 — —
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*Present address: Department of Chemistry and Biochemistry and FIG. 1. The ground state of i and thelEg+ dissociative state
Department of Physics, JILA, National Institute of Standards and29] of H, relevant for the low-energy electron collisions with
Technology, University of Colorado, Boulder, CO 80309-0440. H,"(v).
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ring technique. The first such measurement on*H@as disagreement to that drawn from the CRYRING experiment
carried out at the Test Storage Rif@SR), Heidelberg, [15]. Although Tanabeet al.[16] were able to clearly dem-
where cooling into the vibrational ground state within onstrate the existence of SEC, a direct comparison with the
~300ms was observefb], in agreement with theoretical theoretical values was not possible, because the vibrational
predictions by Amitayet al. [5]. The DR cross section for distribution of the stored ion beam could not be uniquely
vibrationally relaxed HD has been determined over a wide determined.
range of relative electron energies at several storage rings Theoretically, an extensive description of the DR process
and is in good agreement with calculations based on thér HD™ and H" using MQDT [17] has been performed.
multichannel quantum-defect theofQDT) [6—9]. The  Based on this theory, Nakashinet al. [3] have calculated
branching ratio into the different final Rydberg states correthe cross section for the DR of,H,HD™, and D," for col-
sponding to atomic states of H and D fragments has beelisions with slow electrons (0.02 e¥E<1.00eV) and dem-
measured using a three-dimensional fragment imaging tectpnstrated the strong dependence of the cross section on the
nique and compared with calculations based on the LandadRitial vibrational state. Later on, Taka§i8] incorporated
Zener theony{10]. It was found that for low electron ener- the molecular rotation in the MQDT and calculated the DR
gies, the final state was H(18)D(2l) [or D(1s)+H(2l1)].  cross section of bi" for E<10eV. Schneideet al.[2] have
At higher electron energies an angular anisotropy, suppogr€rformed a very comprehensive calculation for the DR of
edly due to the symmetry of the involved states in the DRHD" and demonstrated good agreement with existing data
process, was founfil0,11]. A detailed study of the DR of for the cross section over a wide range of energy. Both Taka-
HD™ in selected vibrational quantum states was also carrie@i's and Schneider’s calculations were also able to reproduce
out by Amitayet al.[12,13. They measured simultaneously the so-called windowRydberg resonances due to the indi-
the vibrational population of the stored beam using the Courect DR proces$19].
lomb explosion imagindCEIl) method and the DR product On the other hand, theoretical calculations for SEC pro-
states with a two-dimensional imaging technique. With thecess are rather scarce. Nakashietal. [3] have calculated
help of this combination of techniques, they could providethe singlet scattering-wave partial cross sections for vibra-
the first state selected relative rate coefficients for DR. Retional excitation and deexcitation of,H for the vibrational
cently, sharp thresholds in the DR cross section of vibrastatesv=0—3, between 0.02 eV and 1.0 eV, using the
tionally cold HD* were observed and were related to theMQDT method. For the deexcitation process, the dominant
opening of new final atomic states. Such results are in coneross sections are found to be for transitions with= —1.
tradiction to theoretical calculations, which assume that thé\ll the cross sections were found to be smaller than the DR
low-energy E<2.5eV) total cross section can be calculatedcross sections for the same initial vibrational states. Rate
independently from the branching rafib4]. coefficients for the deexcitation processes were not calcu-
DR measurements on,Hl were carried out at CRYRING, lated by Nakashimat al, but can be estimated by compar-
Stockholm, for a range of relative electron energies from 0 tdng them to the DR rate coefficients and cross sections pub-
20 eV[15]. From the time and energy dependence of the DRished in the same paper, and we estimate them to be in the
rates, it was concluded that some vibrational cooling occursange of 7<10~° to 7x 10~ ®cm®s™* for the various vibra-
in the ion beam when merged with the electron bg¢anzero  tional states. Sarpal and Tennys@®] have calculated the
relative energy, this cooling was mainly attributed to very rate coefficients for the vibrational excitation and deexcita-
high recombination rates for high vibrational states, assumetion of H,™ with low-energy electrons. The calculation was
to be destroyed by the electron interaction after a storagearried out for the first three vibrational states udtimatrix
time of order 10 s. The SEC process, on the other hand wageory and the deexcitation rate coefficients were found to be
assumed to be too slow to influence the vibrational popula8.5x10 8cm®s™* for the v=1—0 transiton and 2.0
tion of the H,™ beam. X107 cm’s ! for thev=2—1 transition. The rate coeffi-
Anderseret al.[7] have used photodissociation to preparecient for thev =2—0 transition was found to be smaller by
an H," beam primarily in the vibrational states=0 and 1  an order of magnitudéall numbers are given for thermal
at the Aarhus Storage Ring, Denmd&STRID). Applying  electrons with a temperature @=100K). The calculation
imaging technique[11], they obtained some information made by Sarpal and Tennysg20] was performed entirely
about the vibrational distribution of H and the product within the adiabatic nuclei approximation, which ignores the
states of the DR. Both experiments at CRYRING andautoionizing states involved both in the direct DRe.,
ASTRID showed a tendency of the,H DR cross section to mainly the 12; state, see Fig.)land indirect DR. As
become larger for a vibrationally excited beam and the abpointed out above, there are no quantitative comparisons
sence of dissociation into the HE1)+H(n=1) channel, with experimental results for the SEC processes.

in agreement with the observation for H)11]. In this paper, we present results for vibrational popula-
The first experimental evidence for SEC processes watons in H,* during the interaction with slow electrons. Us-
recently found for H* at the TARN Il storage ring16]. ing the CEI technique, rates of vibrational deexcitation are

Vibrational deexcitation was observed when the moleculaderived and the results compared to the predicted effects of
ion beam was merged with the electron beam, and the audR and SEC. In this context, we demonstrate that the SEC
thors demonstrated that both DR of high vibrational states aprocesses are the dominant factors for explaining the deex-
well as SEC are responsible for the change in the vibrationatitation of the H* molecular ions. Comparison with a

population of the stored beam, a conclusion somewhat isimple model describing the time dependence of the vibra-
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tional population based on the theoretical rate coefficients ismum size of only=kT, , which ensures that the collision
presented, and it is demonstrated that the existing theoreticahergies always remain below25 meV.

rate coefficients for the SEC are too small to explain the time

dependence of the vibrational population. B. Coulomb explosion imaging of H*

1. Experimental principle
Il. EXPERIMENTAL SETUP

) _ The CEI technique was used to provide information about
A. The heavy-ion storage ring TSR the vibrational distribution of the ion beam as a function of
The experiment presented here was performed at ththe storage time. Using a slow extraction scheme, a small
heavy-ion storage ring TSR located at the Max-Planckpart of the stored beam was steered toward a beam line
Institut fur Kernphysik, Heidelberg, Germany. The ring, where the CEI experiment took pla¢see Fig. 2. Detailed
shown in Fig. 2, has a circumference of 55.4 m and consistmformation about the CEl method, the setup itself and the
of different steering and focusing magnets allowing one tomeasuring scheme have been published elsewfir@7,
store ions with a magnetic rigidity of up to 1.5 Tm. Thg'H  and only a short description will be given here.
ions were produced by direct electron-impact ionization of |n a CEI measurement, fast molecular ions collide with a
neutral H in a Penning ion source, accelerated B  thin foil (<100A thick) where all binding electrons are
=1 MeV by a Van de Graaff accelerator and injected i”tostripped. The time scale of the stripping process
the storage ring. Approximately 1dons were stored after (~10"Y7s) and the dwell time in the foil {10 s) are

each injection and the mean storage lifetime was about 10 &4t compared to the vibrational and rotational times which
at a vacuum of about 810™""mbar. The ions were merged _ .o 2pout 10 and 10125, respectively. After leaving the
\évig?nteﬁgre(l;?cttrrlzne(;gg:gnbgg;nmowgsa;gggghgO; (1:r§ r;]n dTrtEfoil, the charged fragment$wo protons in the present case

' epel each other due to the strong Coulomb force and their

. _3 . _
electron density 6.4 10° cm™3. The transversal and longitu internuclear distance grows from a microscogibout 1 A)

dinal temperatures werkT, ~12meV andkT=~0.1meV, i . e f timetejsafter ~ 2 ¢
respectively. Along the whole experiment, the velocity of the 0 @ Mmacroscopic scal@ few centimetensarter m o

electron beam was set very close to that of the injected ioff €€ flight. o _

beam. Hence, the electron-ion collisions occurred at near- |N€ asymptotic kinetic energl, released in the center-
zero relative energy, the average center-of-mass collision 0f-mass reference frame after the foil-induced Coulomb ex-
energies being given by the electron temperatife . It plosion can be determined using a three-dimensional imag-
may be important to point out that a big advantage of thdng technique that measures the distance between the two
merged beam configuration in a storage ring is the excellerffagments on the surface of a detector located downstream
velocity matching between electrons and ions, even in a cagéom the target. Details about the detector can be found in a
of small initial mismatches. The friction force exerted by theprevious publication22]. In the present experiment, we used
electrons on the ions rapidly drags the ion beam to a velocita Formvar target of 70 A thickness and the distance between
that matches the electron velocity so that the energy of avthe target and the detector was 2965 mm. The geometry of
erage relative motion between the two beams becomes zerthe beam extracted to the Coulomb explosion target was de-
After injection, the angular spread of the ion beam is relatermined by collimation and therefore independent of the
tively large (however, below=7 mrad and then reduces size of the stored beam, which varied depending on the elec-
over a time of a few seconds if the cooling electron beam igron cooling time after injection. The target applied in the
present. Yet, the contribution to the electron-ion collisionpresent experiment was the same one as that used for previ-
energies from the initial ion velocity spread and the initialous measuremen{d 2,13 of vibrational populations in a
space-charge effect accross the electron beam has a mastored HD™ beam.
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2. Determination of vibrational populations was reduced in comparison to HOwhere the H and D'

The information about the vibrational distribution is con- fragments hit separate regions of the CEIl detgdbecause
tained in the measured kinetic-energy release. Due to thef the lower accuracy of the hit time measurement used to
Coulomb repulsion between the two protons exiting the foil,determine the longitudinal fragment coordina2g]. While
the internuclear distance distribution of the molecBffR) ~ Valid distributions of the total kinetic-energy releag
is transformed into an asymptotic kinetic-energy distributioncOu!d be obtained only from subsets of the data, distributions
PEk(Ek) in the center-of-mass frame of reference. In a clas—Of the transversétwo-dmgnsmna)l energy.release C.OUId. be
si?:al description of the Coulomb explosion process an sedlv;/_lth the full ﬁtatISt'Ct?]' Tc; determlr;_e dthebv;rt])railr? nal

. . ) s opulations, we have therefore applied bo ree-
22?523%;&2 gﬁglgt;rmwg]veec?t?r?é;zlhUpfrgrtﬁtglIitlz/itigfi?lstg)r/- aCdimensional datgwhen available with sufficient statistics

nuclear distance distribution, this transformation can be writ-and two-dimensional energy distributions. The data were fit-
ten as ' ted with either the three-dimensional fragment energy distri-

bution of Eq.(5) or, in the two-dimensional case, with an
Ex _pR 2 approriate projection of the spherically symmetric fragment
P, (EIAE=P(RIAR=T,(R)dR. @ coordinate distribution, derived from E€p), onto the trans-
verse plane. The results from both procedures were found to

For a single event, the kinetic energy rele&geof the two ¢ ;
g 9y ge consistent with each other.

proton fragments in the center-of-mass frame of reference i
given by the Coulomb law

EWR)=€%/R, (4) lll. RESULTS
wheree is the electron charge. Since each vibrational state A. Vibrational population distribution
has its specific wave functioW,(R), which can be trans-  |n order to measure the vibrational state population of the

formed to a well-defined kinetic-energy distributiﬁnﬁk, the  H,* beam, and its change due to the DR and SEC processes,
measured spectra consist of a superposition of such kinetithe beam was stored in the ring and merged with the electron
energy distributions weighted by the relative populations ofcooler beam at near-zero relative energy=0) for a timet.
the vibrational levels. Thus, by fitting a linear combination of After this time, the electron beam was turned off, and a small
normalized vibrational-state specific kinetic-energy distribu-fraction of the ion beam was continuously extracted toward
tions to the normalized experimental kinetic-energy specthe CEI setup, until the stored beam intensity became too
trum, the relative populatiop,(t) of the vibrational states weak and the extracted ion rate too small. The remainder of
can be extracted: the stored beam was then kicked out of the ring, and a new
injection took place. The kinetic-energy release spectra ob-
tained with the CEIl detector were measured after various
times of storage and electron interaction. As pointed out in
Sec. Il B 2, these distributions directly represent superposi-
As shown in Ref[13], this description is oversimplified, tions of the initial nuclear probability distributions for the
and three additional effects have to be taken into accountarious vibrational states of A according to their popula-
These ard(i) the interaction of the fast molecules with the tions. Vibrational deexcitation of the molecular ions will
foil atoms leading to multiple scattering and charge ex-hence show up as a narrowing of the measured energy-
changeii) the finite resolution of the imaging detector, and release distributions.
(iii ) the influence of the initial momenta of the fragmenting  In order to prove that the change in the vibrational-state
states. These three processes were considered in detail population is only due to the interaction with the electron
Ref.[13] regarding the CEI of HD, and we refer the reader beam, a first measurement was taken over 12 s of storage
to this paper for more information. For the present case ofvithout merging the molecular ions with the electron beam.
H, ", the vibrational wave functions were calculated by solv-The acquired events were divided into three time slices, 0—4
ing the Schrdinger equation for the electronic ground states, 4—-8 s, and 8—-12 s, respectively. The spectrum shown in
of H,™ [23]. A Monte Carlo simulation of the Coulomb ex- Fig. 3(@) is the three-dimensional CEl kinetic-energy release
plosion procesf24] was used to take into account the broad-measured during the firgl s of storage. No changes in the
ening of the distribution due to the interaction between theshape of this distribution were observed during the whole
incident molecular ion and the target atof2§] as well as  storage period. The normalized kinetic-energy release spec-
the initial fragment momentgl 3] and the time resolution of tra were fitted by the functionBE«(E,;t), Eq. (5), allowing
the detector. The parameters entering the simulation, mainljor v =0, . . .,11; results for the vibrational populations up to
the target thickness, were taken over from the previous mear=5 for each of the time slices are shown in Figh)3 It is
surement$13] on HD" ions, where they could be fine tuned seen that neither the collision-induced dissociation from the
in order to reproduce with high accuracy the kinetic-energyresidual gas in the ring nor the motional electric fields of
spectrum of an ion beam completely relaxed to the vibraabout 20 kV/cm present in the dipole magnets of the ring
tional ground state. cause significant changes of the initial vibrational-state dis-
For the homonuclear molecule,H, the detection effi- tribution, in good agreement with the results obtained at
ciency for fully reconstructed three-dimensional CEl eventsCRYRING [15].

PE(Ey;t) =2 P,(DPKEy). (5)
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FIG. 3. (a) Three-dimensional kinetic-energy release spectrunthe contributions fronv=3 and 4.

of the H,* Coulomb explosion during the first 4 s of storage. The

full line represents the fitted distributioR®«(E,) and the broken

lines, the contributions fromm =0-2 as indicated(b) Vibrational

Time (s)

agree within the statistical errors with the results of Figp) 3
population distribution ¢ =0—5) for H,* during 12 s of storage obtained froT three-dimensional spe'ctra. We compare our
(no electron beain The straight lines drawn through the points are '€Sults for ™ with earlier results obtained from a photodis-
the average values of the population of each specific level. sociation experiment carried out by Von Busch and Dunn
[26] on the same ion, and with predicted populations calcu-

The vibrational populations derived from the CEI kinetic- 'ated under the assumption thap His formed in the ion
energy release spectrum averaged over all storage times $@urce by ionization of ground state, ldbeying the Franck-
absence of the electron beam are shown in Fig. 4. Theseondon principle. The populations of the first two vibra-
results were obtained from fits to the two-dimensionaltional states measured in the present experiment are between
kinetic-energy spectra with full statisti¢sf. Sec. IB2 and 5% and 8% higher than the Franck-Condon populations.

Similar deviations for the lowest vibrational states were also
LA B B L B seen in the CEI measurement of HIP13] carried out earlier
with our setup and in fact, already in the photodissociation

| o This experiment | experiment on K" by von Busch and Dunfi26] (see Fig.
201 i A v. Busch and Dunn | 4). Possible reasons for the deviations were discussed in Ref.
1 [13].

Franck—Condon

To extract the influence of the DR and SEC processes on
the vibrational-state population, the kinetic-energy release
spectra were measured after four different storage tifhes
3, 5, and 8 sduring which the beam was continuously in-
teracting with the electronéFig. 5. As the electron beam
was turned off before starting the CEl measurement, it can
be assumedaccording to Fig. Bthat the recorded spectra
correspond to the “frozen” vibrational distribution reached
after the respective electron interaction times. Significant

Population (%)
o

: changes in the vibrational distribution are evident as the
0 2 4 6 8 10 width is getting narrower—a strong sign of deexcitation. A
Vibrational state shift of the peak position also occurs and is due to the an-

FIG. 4. Vibrational populations in the stored, Hbeam as ex- harmonicity of the potential well of 4, a molecule in a
tracted from two-dimensional fragment distance spectra taken withtigh vibrational state having on the average larger internu-
out electron beam. Also shown are the results from the photodissd:l€ar distances that lead to smaller kinetic-energy releases in
ciation experiment by von Busch and Duf6] and from a Franck- the Coulomb explosion procefsee Eq.(4)]. The measure-
Condon calculation. The line is drawn to guide the eye through thénent time for the spectra shown in Fig. 5 was ab®in for
Franck-Condon values. the run witht=1 s and 10 h fot=8s.
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S0 rates, using a Franck-Condon distribution as the initial popu-
401 lation; nevertheless, qualitatively, the time behavior of the
307 derivedv =0 population is comparable to the one measured
207, here. In the following, we will analyze our measured vibra-
101 tional population evolution considering the influence of both

® 30° the DR and the SEC processes.

=)

S 207 B. Superelastic processes

% 10 Both DR and SEC affect the vibrational population distri-

§ o bution of H,*, but in different ways. While the DR process

preferentially removes molecular ions in those vibrational
states that have larger DR rate coefficients than other states,
SEC transfers population from high to low vibrational states.
The difference between the effects of both processes can be
illustrated by assuming a situation in which the initial vibra-
tional populations are equal for all the vibrational levels and
it is not the ground state but an upper vibrationally excited
Time (s) state that has the smallest DR rate coefficient. In such a case,
assuming DR to be the dominant interaction with thg' H
ions, the vibrational population will be concentrated, after
some time, in this excited vibrational state. On the other
hand, such inverted distribution cannot ocdfor electron
energies below the excitation energy of the first vibrational
level in H,") if SEC dominates, as only population transfer
from high vibrational states to lower ones is possible. In the
following, we present a model that describes the time depen-

The full-statistics two-dimensional kinetic energy distri- %ﬁcheEoéthe vibrational populations ofHdue to both DR

butions corresponding to the time slices of the spectra show
in Fig. 5 were again fitted using the theoretical distributions
derived from Eq{(5) and the vibrational population distribu-
tions as a function of the storage time were extracted. Figure Since no significant changes of the vibrational population
6 shows the time evolution of the populations for the first sixare taking place in the absence of the electron beam, it seems
vibrational states. A simple extrapolation of the present appropriate to use a simple model where only DR and SEC
—0 data leads to the conclusion that the hydrogen moleculadre affecting the vibrational population of the, Hions in-

ions will be mainly in the ground vibrational state after a teracting with electrons at near-zero relative energies. This
storage time of about 2030's. In order to relate our results also implies that radiative transitions between the vibrational
to the measurements carried out at CRYRINGS] and  States are much slower than the slowest rate due to DR and
TARN Il [16] one has to consider the quantity/C)n, and ~ SEC, an assumption holding for,H and the electron density
the transversal temperatukd’, , wherelL is the interaction ~used. _ _ .

length with the electrons the ring circumference, an, is Assume an ensemble witl,(t) molecules in the differ-

the electron densityl((C=0.027 anch,=6.1x10°cm™ 2 in ent vibrational states and initial t=0) occupation num-

the present experimentThe CRYRING measurementsi{ bersNS. Furthermore assuming there areibrational states
=10"cm 3, L/C~0.015, anckT, =10 meV)[15] were car- (v=0 up tov =n—1), the number&l,(t) are given by a set

ried out under experimental conditions similar to those ofof coupled differential equations:

this experiment and showed significant variations of the DR

energy spectra and of the DR rateEat 0 on a time scale of dN, (1)
~20s, similar to our results for the time needed to reach dt
strong vibrational relaxation. The measurement at TARN 1l

[16] shows an increase of the derived=0 population to  \ypere a®). and «{¥} denote the SEC and DR rate coeffi-

~80% within ~10s. The productl(/C)n, had about the ~ cients, respectively, for a given vibrational leve) with
same size as in our case, but the lower transvergal tempergesoE)Czo and (neglecting feeding from higher states=n)
ture (kT,=1meV) is expected to lead to cooling about ™ .
three times faster. This is approximately confirmed by com-aSEC_O' The _SEC processes were assumed_to be_ dommgted
paring our extrapolated time for strong vibrational relaxation®y A4v=1. This set of equations can be written in matrix
(20—30 3 to the TARN result ¢105). It should be pointed [Orm as

out, however, that in the TARN Il experiment, the vibra-

tional population was not directly measured, and the changes dN(t) = AN(

in the population were inferred only from the theoretical DR dt

0 5 10 150 ) 10 15

FIG. 6. Evolution of the vibrational population for the first six
vibrational states of k" as a function of the interaction time with
near-zero relative energy electroffdled symbolg in comparison
to the model results for DR onl¢dotted line$, SEC only, based on
Sarpal and Tennysdr20] (dashed lines DR plus SEC as based on
Sarpal and Tennysdi20] (dashed-dotted lingsand DR plus SEC
with modified SEC rate coefficients as given in the tdutl lines).

1. Model for the time-dependent vibrational population of £

= _(a(SUE)C+ ag)l%)NU(t)_l_a(SUE-FCl)Nerl(t)! (6)

), )
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with NT(t)=(N,_4(t), ... ,No(t)) and a matrix A com- coefficient forv =5, changes to their assumed values can
posed of the rate coefficients. The equations can be ursomewhat improve agreement for the higher vibrational
coupled by determining the eigenvectors and the eigenvaluesates, but do not dramatically influence the behavior of the
of A. The general solution foN(t) is given by model for the three lowest vibrational states<(2) as more
_ 1010 than 50% of the population is already localized in these lev-

N(t)=SexplL-1)S N7, ®) els att=0 (see Fig. 4. As will be discussed below, consid-
wheresS is the matrix of the eigenvectors andis a vector ~ €ring the existing experimental data for the DR rate coeffi-
with the eigenvalues, of A. The vectorNC is defined by ~ cients of B* and HD', it is possible to demonstrate that the
the initial populations. The expression ekpf) is a diagonal ~ disagreement between the model and the data is mainly due
matrix where each element is given by e}, provided all  to the SEC rate coefficients and in particular their values for
eigenvalues are different. Normalizing,(t) to the total v=1 and 2.

number of molecules, As shown by the measurement at CRYRIN5], the DR
N, (t) rate coefficients ofibrationally coldHD* and H,* are very

p(t)= ——, (9)  close to each othefsee Fig. 10 in Ref[15]), the absolute

; N, (t) value for the DR rate coefficient of HOv =0) having been

measured in three independent experimg2t$ and being in

the time evolution of the relative population of a vibrational good agreement with theoretical valugd. Thus, the DR
statev is obtained. rate coefficient for the =0 state of H* cannot be changed
by any considerable amount without contradicting previous
experimental results. A modification of the DR rate coeffi-

Although in principle it is possible to fit the data shown in cients for the next-higher vibrational states in order to fit the
Fig. 6 using the rate coefficients;} and «{%). as free pa- time dependences of Fig. 6 would require large increases of
rameters, this does not work out in practice because of th#heir values(by about an order of magnitugehat would
small number of data points that could be obtained in a tota$e€em rather artificial and in particular imply a much different
running time of several days. Instead, we will assume valuetrend for the low-lying vibrational levels of ;4 as opposed
for the DR and SEC rate coefficients, and directly compardo the measured relative rate coefficients of excited vibra-

2. Comparison: Model and experiment

the results of the model with the data. tional states of HD [12,13.
For the DR rate coefficients’), we have used the values ~ On the other hand, increased values for the much less

calculated by Nakashimat al. [3] for the first five vibra- Studied SEC rate coefficients appear much more plausible.
tional stategcorrected for the present electron-velocity dis- The simple fact that the vibrational population concentrates
tribution with beam temperatures according to Sec.)ll A around thev =0 state is consistent with the fact that SEC is

For the SEC rate coefficients, theoretical calculationghe dominant cooling process. Although DR could also pro-

have been performed only for the vibrational states1,2  duce a similar effect, that would require the DR rate coeffi-

[20], yielding a(le)c:8-5X 108cmis ! and a(SZE)CZZ_O cient forv =0 to be the smallest among all the vibrational

%10 " cmPs 2. In order to evaluate the time dependence ofstates, which again would be different from the observed
the vibrational population fop =0-5 on the basis of these behavior of the rate coefficients for the vibrationally excited

results, we have arbitrarily assumed the SEC rate coefficientd? " [12,13. Moreover, a comparison between the dashed
for the levelsv=3,4,5, and 6 to be equal to the one calcu-and the dashed-dotted lines in Fig. 6 indicates that the inclu-
lated by Sarpal and Tennysg20] for thev = 2 level. For the sion of DR tends to move the model results away from the
DR rate coefficients, only the values for the=5 and 6 data points in all case@xceptv=2 and 3. On the theoret-
levels are missing, and they were assumed to be close to tfigd! Side, as pointed out above, the calculation by Sarpal and
rate coefficient for thev=4 level, as calculated by Na- Tennyson 20] for the SEC rate coefficients did not consider
kashimaet al. [3]. It will be shown later that these assump- the doubly excited resonant state of(FiX4) (see Fig. 1,
tions do not change the main conclusion when the time evowhich through coupling to the vibrationally excited Rydberg
lution obtained from the model is compared to thesStates of H could strongly increase the SEC rate.

experimental data. The initial populatidif in Eq. (7) is set In order to fit the data shown in Fig. 6, we have by trial
to the measured values as shown in Fig. 4; the leveb and error increased the rate coefficients for the SEC process

was included to describe feeding o5, and feeding from until a reasonable agreement was obtained with the data. The
v>6 was neglected. ’ full lines in Fig. 6 represent the calculated time dependency

Figure 6 shows a comparison of the measured relativé®r SEC rate coefficients§2; set to the following values
populations of the vibrational states=0—5 with time evo-  (in units of 110 %cns ): a§2=0.6, a@=1.2, a§l:
lutions forp,(t) as calculated for DR and SEC separately as= 2.2, ald=2.4, anda§l=4.4. While the specific results
well as for the combination of both processes, using the ratéor a(S”E)C may not represent a unique fit result, the agreement
coefficients as calculated or assumed on the basis of avaibetween the data and the model obtained for this choice
able calculations as described above. Clearly, none of thesemonstrates the level of SEC rates consistent with our data
models can explain the data, the predicted time developmentnd indicates that SEC are in fact the dominant cooling pro-
being too slow in all three cases. Although we have onlycess. The SEC rate coefficients we have used here are about

estimated the SEC rate coefficients for 2 and the DR rate 6—7 times larger than the theoretical results of Sarpal and
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Tennyson[20] and one to two orders of magnitude larger mainly into two neutrals followed by autoionization, pro-
than the DR rate coefficients for the corresponding vibra-ducing a neutral-ion pair. For lower-electron kinetic ener-
tional levels[3]. gies, the autoionization process cannot break the molecular
bond as the total energy of the system is smaller than the
binding energy of H". However, autoionization is still tak-

By a direct measurement of the vibrational population inin9 Place, reducing the amount of vibrational energy stored

stored B ions interacting with a beam of cold electrons, in the molecular ions.

we have analyzed the development of this population as a We fores_ee that the_ results presented here could trigger
function of the electron-ion interaction time. Based on the"€W theoretical calculations related to SEC processes. On the

comparison of the data with a simple model including theexperimental side, the relatively fast vibrational cooling of
" S - .
rates of dissociative recombination and superelastic collisiof’2 I?jemtlngsk;trates "’} hnew pos|3|blllty IOf olbtqlnlngb vibra-
processes, we have demonstrated that the current theoreti¢@na!ly C_Oh eams o cl)monucbear molecular ions by inter-
understanding of the interaction of low-energy electrons witrA¢ling with an intense electron beam in an ion storage ring.
H,* is not complete. Changes of the vibrational populationAIthough it is still difficult to estimate the times required for

L . I

were found to occur much faster than theoretically predicted\."brat'onal,COOI'ng of molecules such "’?Szbor Nz~ by

Considering previous results for the DR ofHand HD" superelastic collisions, it appears attractive to study also the
’ %?‘pplication of the method to these heavier species. Studies of

IV. CONCLUSIONS

we have reached the conclusion that the problem probab o ) . e
e state-specific DR cross sections in the vibrationally re-

lies in the too small size of the available theoretical results” ™~ b : ded
for SEC rate coefficients. A possible reason for the discrep'®XINd M~ beam are in progress. An extended measurement

ancy may be the neglect of the doubly excited resonant stafd ttr;]edwpratlong_l retl_axatlgdr: UtS|tng the _fC_Zoqumb ex![qlosmfn
lEg of H, in one of the calculationg20], while Nakashima method, in combination with state-Specilic Cross sections for

et al. [3] included this state but give only a partial crossthe t_)eam IOS‘?’ by DR, will make it possible to _ot_)taln more
section ford-wave scattering. precise experimental values for SEC rate coefficients in the

The 12;“ state(see Fig. 1is known to be the most im- future.
portant state for the DR of ;4 with electrons of low kinetic
energy. It is also known for having a rather large autoioniz-
ation width. Confirmation of this can be found in the disso-  This work has been funded in part by the German Federal
ciative excitation process: Although a direct dissociation ofMinister for Education, Science, Research and Technology
H,* via electron impacfH, " +e—H(1s)+H"] requiresan (BMBF) under Contract No. 06 HD 8541, by the German
energy of more than 9 eY28] in order to reach the lowest |srael FoundatioGIF) under Contract No. 1-0452-200.07/
dissociative state (20), the process was found to be effec- 95, and by the German Federal Minister of Education, Sci-
tive from about 3 eV, i.e., just above the dissociation energyence, Research and Technolo@MBF) within the frame-
of H,™ [28]. In order for this to happen, the dissociation work of the German-Israeli Project Cooperation in Future-
must occur through the neutréqE;r state(which dissociates Oriented TopicdDIP).
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