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Dissociative recombination of cold OH":
Evidence for indirect recombination through excited core Rydberg states
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The dissociative recombination of ground state Okbns with electrons has been measured, using the
heavy-ion storage ring technique. A comparison of the cross section to recent theoretical results reveals that
several observed resonances are due to a type of indirect dissociative recombination involving Rydberg states
with a bound excited ion core.

PACS numbd(s): 34.80.Gs

The OH' molecule studied here has been detected irwhere OH* is an excited neutral state, has already been
various comets and planets, and is one of the primary iovestigated previously using a merged beam s¢blpbut
species leading to the production of;8* in interstellar  no efforts were made to vibrationally cool the ions that were
clouds[1,2]. H30 " is supposed to be the principal source of produced in a radio frequency discharge ion source. The DR
water in these clouds, and as such the understanding of thgoss section was found to decrease with energﬁgafsup
chain of reactions leading to its production is of importance 4 1 eV, with a value of about:610~ 4 cm2 atE,.= 3 meV.
Among the reactions involving OH, dissociative recombi- In the present experiment, a beam of 5.5 Kﬂmev Okdns

nation (DR) plays an important role. was produced by a TANDEM Van-de-Graaff accelerator: A

h Durlndg thte last fglvv }{/earts, da QﬁW method has demerg%qt.th%ﬁandard sputter ion source with ZrH target and additional
as made It possivle fo study his process under conditio , gas was used for the generation of negative Oldns

coming close to their natural situation, i.e., for vibrationally ith a peak current of about A in a pulsed mode. Two

cold molecular ions. The heavy ion storage ring merge . ) .
y g g g electrons from these ions were then stripped withdés at

beam techniquég3] allows for the storage of molecular ions : :
for a long period of time(seconds during which they can the high voltage terminal of the TANDEM accelerator. The
stripping efficiency was only about 3%, i.e., the current of

radiatively relax to the ground vibrational state=0). With 9 =1 ;
the ions being all i =0, a comparison between experimen- the positive ions was of the order of 150 nA. This beam was

tal results and theoretical calculations is possible. This wadliected into the Test Storage RiGSR) at the Max-Planck-
not the case for many previous experiments where the vibrdhstitut fur Kernphysik, Heidelberg. After injection, the beam
tional population could not be determingd]. was stored in dring-averagefivacuum of % 10~ ! mbar

In this Rapid Communication, we present a storage ringvith a beam lifetime of 7 s, and merged with the electron
measurement of the DR of vibrationally relaxed OHto- ~ beam from the electron cooler. More details about the experi-
gether with a direct comparison with recent theoretical remental setup can be found in previous publicatipns].
sults. In particular, resonances are found in the DR cross The DR measurements were carried out by recording the
section that were neither included in the prior theory norassociated rate as a function of the laboratory electron energy
observed in a previous single pass merged beam experimeht, While the molecular beam ener@y remained constant.
[5]. An interpretation of these structures is given in terms ofAfter each injection, the ions were first stored to ensure vi-
a transition to Rydberg states with an excited ionic core. Thidrational and electronic deexcitation. After this cooling
is an experimental indication that such a process, which waBhase of 5 s, the electron acceleration voltage was stepped up
predicted a few years ad6], is of importance for molecular t0 an adjustable value &, and switched back and forth at a
ions with low lying excited states, such as CHN,", rate of 10 Hz betweef, and a constant enerdy, for nor-
OH' and others. The enhancement of the DR cross sectiofalization, where the DR cross section was negligible. Since
due to some of the structures observed here may be of cot€ number of circulating ions was too low to be measured
siderable importance for the DR rates used in modeling indirectly by the existing dc-current transformer, the rate coef-

terstellar clouds and planetary atmospheres. ficient was normalized to the background count ratE@as
The dissociative recombination of OH which can be in previous experiments7,8]. The energy resolution in the
described as center-of-mass system beld®y,,<<50 meV is limited by the
transverse energy spread of the electron beamyg®f =17
OH"+e— OH*— O+ H, meV [9]. At higher energies the resolution is limited by the
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FIG. 1. lllustration of the indirect process via a Rydberg state of FIG. 2. Experimental cross section of the DR of Of# =0)
the low-lying excited state of OH—A 311 for the vibrational quan- and comparison with the theoretical cross section. The calculated
tum numben = 0. The electron energy corresponds to 0.9 eV, Thecross sectior{13] (full line, reduced by a factor of 30and its
bound Rydberg state is drawn with the dashed line, the dissociatingenvolution with the experimental resolutidisee text (dashed
22[T state is drawn with the dot-dashed lif3]. As an inlet the line) are also shown. The experimental and theoretical cross sec-
low-lying excited ion states are plott¢d7]. tions were normalized & .,=0.1 eV.

longitudinal energy spreakgT =1 meV) resulting in a full  peen arbitrarily aligned at 0.1 eV with the theoretical results.
width at half maximum given approximately by The very narrow resonances in the original unconvoluted
AEcm=4\/ﬁ\/EckaTH [10]. theoretical cross section are due to indirect recombination
In order to measure the DR of the vibrational ground statd15], where an electron is resonantly captured into a vibra-
of OH™, knowledge of the lifetimes of excited vibrational tionally excited Rydberg state with the GHcore in its elec-
states is important. These values have been calculafdd tronic ground state; the neutral molecule then dissociates
e.g., the lifetime of the slowestAv=1 transition along the ZII repulsive state. A full description of the
(v'=1—-v"=0) is predicted to be 4 ms. Thus, a short stor-theory and the intermediate Rydberg states is given in Ref.
age time of=200 ms is sufficient to fully relax the initial [13]. The predicted width of the widest of these resonances is
vibrational excitation produced in the ion source. Another3 meV. These resonances are too narrow to be detected with
possible problem is the presence of low lying electronicallyour present experimental resolution and are therefore washed
metastable states. These states arebth® * and thea A out by the averaging procedufdashed line in Fig. 2 No
(see Fig. L The radiative lifetime of the first state has beentheoretical calculation exists for higher electron energy.
calculated to be between s and 100 m$12], depending In the high energy regiork.,,>5.1 eV (the dissociation
on the vibrational state, while no information about the life-energyD, of the ion[16]) dissociative recombination can
time for the second state could be found in the literature. Iroccur through excitation of neutral Rydberg states with a
order to check for the presence of this metastable state in ouepulsive ion core. From the theoretical calculation of the
beam, the DR cross section was measured as a function a@hic potential curve$l7], the peak at 8—15 eltentered at
storage timet;y; in the ring, up to 20 s. No differences in 10.91) eV] is likely due to resonant capture into Rydberg
the value of the cross section were found after a storage timgtates having one or several of the following repulsive cores:
of 0.5 s; thus we conclude that either the lifetime of this®>~, 2337, 33y, 213*, 13, 231, 331, 2 1, and
alA state is shorter thm1 s orthis state was not present 3A. The peak at 16.0-21.0 eMentered at 19(8) eV] is
in a noticeable fraction of our beam. We have assumed thatue to an excitation to Rydberg states with the repulsive
this state does not have a lifetime that is considerably moreores: 333, 3%, 2 1A, 31, and 3'3". The widths
than 20 s. [6.655) eV and 7.85) eV full width at half maximum
The experimental cross sectian(E,) for the DR of (FWHM), respectively of these peaks arise from the super-
stored OH" molecules, measured in the time window 8 s positions of contributions from several states. For each state,
<t;j,;=18 s is shown in Fig. 2. In this figure, we also show the shape of the cross section is due to the Franck-Condon
the original as well as the convoluted theoretical results ofactor between the vibrational ground state wave function
Guberman[13] up to an energye.,=0.7 eV obtained for and the continuum wave function for the dissociative
ions in the rotational and vibrational ground state. The constate. The shape is determined by the slope of the latter state
volution, which reflects the experimental resolution, was carand the variation of the electron capture width with internu-
ried out using a flattened Maxwellian velocity distribution clear distance. Such transitions, which are of direct DR
[14] with kgT, =17 meV andkgTj=1 meV for the trans- type, have already been observed in H[Y], CD" [8], and
verse and longitudinal temperatures, respectiy&. The  others.
experimental cross section is a relative cross section aver- For the low-energy range, structures can be seen in the
aged over the energy resolution described above, and hasperimental DR cross sectidifrig. 2), which are neither
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reproduced by the theoripelow 1.0 eV nor have been ob- peak near 0.9 eV is due to a low lying Rydberg orbital
served in the previous merged beam measureif@nper-  bound to theA ®II ion core. The shoulder near 1.2 eV is
formed with vibrationally excited ions. Another difference is very likely due to theA °I1 core bound to ar Rydberg
the slope of the cross section at low enetbglow 0.1 eV, orbital with a higher principal quantum number. The peak
which is very close td, for the theoretical calculation and Nhear 1.4 eV probably arises from a state similar to that caus-
approximativelyE_ - for the experimental results. Since the Ing the 0.9 eV peak, except that theRydberg orbital has a
theory includes all relevant resonances caused by the indiref{gher effective angular momentum. At 1.4 eV, there may
DR via vibrationally excited Rydberg states with the ionic &S be a contribution from & Rydberg orbital bound to the
ground state, it can be ruled out that the observed structur& 2. state. The shoulder bewveef‘ 2.2 a_md 4.0 eV may have
are due to this process. cpntnbunons from several states, mcludlngreRydberg or-

In order to explain the low-energy resonances dominatiniItal bound to t_he onvest-energ’yH lon core. All of these
the cold-ion spectrum, we proposelifferenttype of indirect tates are pr_edlss_oc_|ated by12 c_omple_tmg t_he DR. Note
DR in which the electron is captured into Rydberg state§hat other dissociative mecham;ms invoking d|s§00|at|ve
having electronically excited and vibrationally bounidn routes other than 21 may be possible, but they are likely FO
cores. This indirect process has two very important charachave slow rate constants due to a lack of fav_orable crossings.
teristics that distinguish it from ground-state-core indirect! "€ Observed low-energy peaks are only slightly broadened

recombination. First, capture can occur inte-0 Rydberg by the finite experimental resolution, which, for example, at

levels. If ground state ion and excited ion core Rydberg po-o'2 eV amounts to about 45 meV, while the observed width

tential curves are nearly parallel=0—v =0 capture will of the peak at this energy is about 120 meV.

have large Franck-Condon factors compared to the mucP To”concIL_Jtdz, ;’;e dEave sth<:wn thf‘ht itr;]dir_ect_DR into dVitf[rT
smaller factors expected fdrv # 0. The possibility for high lonally excited Rydberg siates wi € lonic grouna state

Franck-Condon overlap may lead to high values for the matore isnot responsible for the experimentally observed reso-

trix elements describing the strength of the electron captur83"¢es: A comparisp_n of the energy of the Qbservc_ad reso-
g g b ances with the position of Rydberg states with excited ion

process. The second important feature is that capture intd .
these Rydberg levels can occur by an electronic mechanis re shows that these states are _Ilkely to be sources of these
peaks, through a new type of indirect process.

that is similar to that which controls direct recombination, Th tv being included in the th
possibly also resulting in a large matrix element. This type of €s€ processes are currently being inciuded in the theo-

indirect DR was already thought to be responsible for the[etical descriptior{ 18] of DR, allowing for a more detailed
low lying resonance observed in CDat 0.8 eV[8], but understanding of the magnitudes, positions, and shapes of
because of the lack of theoretical calculations of the indirec hese resonances. Based on the above conjecture of the na-

DR into ground state core Rydberg states at this energy, thi erOf th?ste resonznc_es, Itt IS texrt’ﬁdg% ”}at exmtedl core
latter process could not be ruled out in the interpretation o yaberg s ar:as mg%i' Elrppor 3” 'f T(; ot many molecu-
the experimental spectrum. The possibility that such a pro.—ar lons, such as LH, v, , an Q. €S€ processes can
cess can be important was pointed out by Guberfarbut influence the rate coefficient as a function of electron tem-

it has not yet been included in any theoretical calculation oferature as W?” as the e_lectronic state of the atomic products
the DR cross section and could be important in models of planetary atmospheres.
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