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Dissociative recombination of vibrationally excited HD':
State-selective experimental investigation
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The relative dissociative recombination rate coefficients for specific vibrational states ofheize been
measured. The method is based on using merged electron and molecular ion beams in a heavy-ion storage ring
together with molecular fragment imaging techniques which allow us to probe the vibrational-state population
of the stored beam as a function of time as well as the final state of the dissociation. The initial vibrational
distribution of the stored ion beaifrom a Penning ion sourgds found to be in good agreement with a
Franck-Condon model of electron impact ionization, apart from slightly larger experimental populations found
for low vibrational states; its time evolution in the storage ring reflects the predicted vibrational level lifetimes.
Dissociative recombination measurements were performed with the electron and ion beams at matched veloci-
ties (corresponding to average collision energies of about 10 )makd at several well-defined collision
energies in the range of 3—11 eV. The obtained vibrational-state specific recombination rate coefficients are
compared with theoretical calculations and show that, although an overall agreement exists between experi-
ment and theory, large discrepancies occur for certain vibrational states at low electron energy.
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[. INTRODUCTION vironments. To mention some examples, DR is the only sig-
nificant electron removal process in the Earth ionospf&re
A low energy collision between a molecular ion and a freeDR of O," in the ionospheres of Mars, Venus, and Earth is
electron often leads to recombination and subsequent disseesponsible for the greg577 A and red(6300 A) airglow
ciation of the molecular complex. For a diatomic molecularemissions through the production of internally excited oxy-
ion AB* initially in a vibrational levelv and rotational state gen atoms which decay radiative[®,4,5]. On Venus, the
J, such a process, called dissociative recombinatidir), is  collision of H atoms with energetic O atoms produced by DR

schematically represented as can result in the escape of the hydrogen from the atmosphere
[6]. On Mars, DR of @* can provide sufficient energy to the
AB*(v,J)+e (E)—AB** product O atoms to allow them to escape the atmosgiére
and in combination with the escape of hydrogen atoms it
—A(N)+B(n")(+Ey). (1) may be one of the mechanisms for the disappearance of wa-

ter from the Martian surfacg7]. Also the DR of N* is

In this reaction, the electron is captured by the molecular iorpertinent for the understanding of the anomalous isotopic
from the continuum, using up some of its relative kineticratio °N to N on planet Marg8,9]. This is due to the
energyE, and induces an initial electronic or rovibronic ex- different kinetic energies given to the various N isotopes
citation of the molecular ion system, whi¢ither directly or  produced by the DR of“N*N* and “N*>N* [10], which
indirectly following the electron capturgl,2]) leads to an yield different escape probabilities for the fragments from
electronically doubly excited molecular compouAdB** .  the gravitational attraction. A prominent example in inter-
This state is unstable, and decays either by autoionizatiostellar clouds is the production of water from the DR of
(the reverse process of recombinajion by dissociation into  H,O" [11].
neutral fragments, completing the DR reaction. The dissocia- Despite the fact that DR has been studied extensively both
tion yields fragments with considerable kinetic ener@)(  theoretically and experimentally in a variety of methods and
and often also internal electronic excitati@naracterized by techniques, it is still not completely understood due to its
the quantum numbens andn’), depending on the energy complexity, and its effects in many environments are not
balance of the reaction. well estimated. A very important aspect of this complexity is

As an exothermic process occurring at a high rate, yieldthe high sensitivity of the DR process to the initial state of
ing products physically and chemically distinct from the the molecular ion, and in particular to titial vibrational
original molecular ion, the DR reaction is of importance in quantum states. This sensitivity shows up not only in the
many atmospheric, astrophysical, and laboratory plasma emaagnitude of the DR cross section and its dependence on the
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electron energ)E, but also as a change of the initial total
energy available for dissociation. Hence it can have dramatic
effects on the number of open channels for the various final
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atomic fragments and influence their final kinetic energy. \ Y _;=‘é — n=3
Quantitative understanding of the vibrational dependence 19" ARS AL v | 7

of DR is important for many of the processes described 0.5 v=2 L,

above. For example, theoretical calculations have shown tha 0.0 > —_— TS

the branching ratio for the different final states of the O S| HD EkI

fragments from the DR of & is very sensitive to the initial -051- \ N _ln=2

vibrational excitation of @" [5,12—14. Since it is known = —1.0 2, —

-
that molecular oxygen ions in the Earth thermosphere areX

produced in vibrational levels up te=7 [15] by charge =
exchange of O with O,, this could change the ratio between
the emission intensities of the airglow lines. For the DR of
N," in the Martian atmosphere, the expected isotope differ-
entiation betweert®N and N is reduced considerably if the
N, molecules are vibrationally excited, as compared to the
situation with N* (v=0) ions[8,10.

On the theoretical side, the effect of the initial vibrational
statev of the molecular ion on the total DR rate coefficient
enters via the initial vibrational wave function, and through
the total energy of the molecular system in its center-of-mass
frame of reference. In particular, calculations have shown
that a very significant quantity for the capture of the electron FIG. 1. Potential-energy curves for HDand HD [33,43,44.
is the Franck-Condon factor between the initial vibrationalFor HD' only the ground electronic state is shown together with
wave functionW,g+(R,v) and the continuum vibrational the position of its vibrational levels and some corresponding vibra-
wave function of the dissociative stat¥ pg« (R,E;) tional wave functions squared. For HD, only some of @gand
[2,14,16-18 Q, states are shown.

Internuclear Distance (A)

brational excitation. Rotational cooling has also been shown
to occur, although over a much longer time sdae,21].

Once the vibrationally cold=0) molecular ions are
prepared in the storage ring, their DR is measured by merg-
While thev dependence oW 5+ is obvious, also¥ ag«+  ing them with an intense electron beam in a collinear
depends orv through the total energ¥; of the system, merged-beams configuration, allowing a very high resolution
representing the sum of the initial vibrational energy of theand a fine control over the collision energy. DR cross sec-
molecular ion and the electron enerdy Moreover, the tions (or rate coefficiengsof various important vibrationally
“survival factor” [1], describing the likelihood that the re- cold molecular ions have been measurgd], and the inclu-
combined intermediate state will decay via dissociationsion of two- and three-dimensional molecular fragment im-
rather than by autoionization, also depends on the initial vi2ging techniques has allowed for the identification of the
bration. Here, an important role is played by the abovefinal quantum states of the DR'fragments.as well as for mea-
f(v,E,) and similar Franck-Condon factors for the coupling Surements of the corresponding branching rafi28-24.
betweenAB** and other vibrational state@iffering from  1nese new experimental data have allowed detailed insights

the initial statev), which governs the autoionization rate of into the DR process Of. mary molecular systems, inglud?ng,
the molecular compouni®,14,16—18 for example, the identification of the active recombination
On the experimental side, the strong vibrational sensitiv-meChan'Sms[zs] and of the specific states which are in-

ity of the DR process has been for many years one of thgﬁggg in the recombination as well as in the dissociation
main obstacles for obtaining a reliable cross section whic ’

could be directly compared with theoretical calculations. The Be'ng the simplest molecular ions,,H and its infrared
active isotopomer HD are fundamental for the understand-

difficulties originate mainly from the inherent uncertaintiesin ¢ DR in benchmarks for testing the vari
in the knowledge of the initial vibrational excitation of the g0 » SEIVIng as benchmarks for testing the various

molecular ions upon their production in the ion source. Usu—theoretlcal assumptions. HDwas chosen for many of these

ally, molecular ions are produced by ionization of the parenlfirSt experiment; glso because of the faqt t'hat it completely
neutral molecule, by dissociation and ionization of a neutraFOOIS d_O\_Nn radiatively to th_e=0 state W'.thm a few hun-
gas, or by two- and three-bodgomplex collisions, and are dred milliseconds storage timghe exact time depends on
RO ; I e .__the initial population distribution

in general created at very high vibrational excitation. During For HD" | initially in th d electronic stat
the past six years, heavy-ion storage rings have been used tg cjr 'ons inftially In the ground electronic state
produce intense and fast beams of molecular ions in thef ~g @nd the rovibrational stateJ, the DR process pro-
vibrational ground statfL9]. In a storage ring, one can store c€€ds according to Eq1), as(see Fig. 1

many infrared active molecular ions for a time which is long HD*(X %S¢ v,d)+e (E)—HD**

enough to allow complete deexcitation via spontaneous ra-

diative transitions of the unknown initial electronic and vi- —H(n)+D(n")(+Ey). (3

f(v,E)= f V¥ (RV)W apss (RE R, 2)
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For low-lying vibrational states and low-energy electrons, In the present experiment, we have chosen a different
the dominant doubly excited dissociative state*fi0s the  technique which is based on probing the vibrational popula-
1Eg+ state(Fig. 1). This state crosses all the vibrational lev- tion as a function of time, from the moment of injection into
els of HD" (except for thev=0 stat¢, and as such is an the storage ring up to complete vibrational relaxation, while
important recombination channel for all As the total en- at the same time, the DR cross section and/or the final-state
ergy E; of the molecular system increases, either due tdranching ratios are measured. As will be shown later, this
higher vibrational excitation or higher electron energy, addi-correlated measurement allows one to deduce DR informa-
tional energetically higher dissociative states, denoted as tHén for specific single initial vibrational states which are
Q, and Q, states(see Fig. 1[33], become accessible and populated at injection time.
start playing a role. Eventually, at high total energy, they The present experiment was conducted at the heavy-ion
completely dominate the process. Test Storage RingTSR) located at the Max-Planck-Institut
As far as the DR of HD in the ground vibrational state is fur Kernphysik, Heidelberg, Germar{2]. Through direct
concerned, the cross section has been measured over a wilectron impact ionization of neutral HD molecules, a beam
range of electron energy at different storage rif2s—29. of HD™ molecular ions was produced by a standard Penning
Also the final states of the H and D atomic fragments havedon source, accelerated t6;=2.0 MeV using a Van-de-
been determined as a function of electron energy, using md>raaff accelerator, and injected into the storage ring, where
lecular fragment imaging techniqug2,24. At low electron  the ions were stored at this energy in the fields of bending
energies, Rydberg resonances due to the so-called indire@nd focusing magnetsee Fig. 2 After each injection, last-
recombination process have been observed. For vibrationallpg for about 150 us, typically 10 particles circulated in
excited H", the cross section has been measured for athe ring (nominal circumference 55.4 rin a vacuum of
unknown distribution of vibrational states and very high val-about 5< 10~ ** mbar with a mean storage lifetime of about
ues of the DR cross section have been observed, pointing odf s. The experiment was composed of two main parts. On
that the high vibrational states of,H (and consequently one hand, DR between the stored Hibns and free elec-
HD™) should have very high recombination rate coefficientstrons, supplied by the electron cooler, were measured by de-
[29]. tecting the neutral fragments H and D downstream of the
In general, the agreement of theoretical calculations wittinteraction region. On the other hand, under the same storage
the experimental data of vibrationally cold molecular ions isconditions, with the ions continuously circulating in the ring,
rather good, although not always perfect both qualitativelyd small part of the beam was extracted from the TSR toward
and quantitatively{22,24,26—-28 However, for excited vi- @ dedicated beam line, where the vibrational-state population
brational states, the situation is quite different, and even fowas probed using the Coulomb explosion imagi@El)
the simplest molecular ion H or its isotopomer HD, vari-  technique. Both the DR and the CElI measurements were
ous calculations have yielded results disagreeing with eacfonducted as a function of storage time, thus allowing their
other (sometimes differing by more than an order of magni-correlation.
tude for specific vibrational statesThe reasons for these
large discrepancies are not clear, and the possibility that B. Vibrational-state specific DR rate coefficients
some basic aspects of the DR process are still undiscovered

cannot be excluded. the circulating molecular ion beam was merged collinearly

In Fhe follow!ng, we p_resentamethod, based on the S'For\'/vith the 3.5-cm-diameter electron beam of the electron
age ring technique, which allows us to extract the relative

DR rat Hicients f ific vibrational stat fth cooler having a straight interaction region of 1.5 m length.
rate coeflicients for spectiic vibrational states oTthe MO-rye ejactron density had a typical value ok20° cm™3.
lecular ions. The present experiment is carried out on"HD

4 direct ) h th both for | The electron and ion beam energiesandE; (in the labo-
and direct comparisons. wi eory both for low energyratory frame determine the average relative motion between
(thermal electron energy 10 meV, initial vibrational states

. : lect d ions, which is characterized by th
v=0-7) and high energy electrorfg/ell-defined electron electrons and ions, which IS characterized by the energy

energies 01E=3—_11 eV,v=0-3) are presented. Thg low . E=[m— \/E—JZ, (4)
energy results given here have already been published in
short form elsewherg30]. The purpose of the present paper wherem, andm; denote the electron and the molecular ion
is to give a detailed discussion of the experimental techmass, respectively. The enerfyof average relative motion
nigue, data analysis, and results. was varied by tuning the electron beam energy while keeping
the energy of the stored ions at a fixed value. For the effec-
tive electron-ion collision energies also the velocity spreads
Il. EXPERIMENTAL PROCEDURE in the merged beams must be considered; thus, at matched
electron and ion beam velocitieE € 0), the collision ener-
gies are dominated by the electron velocity distribution. In
In order to measure a state selective cross section, ortbe comoving reference frame of the electron beam, the lon-
often tries to produce the molecules in the desired vibrationagitudinal electron temperature w&J=~0.5 meV and the
state using laser techniques. Although these techniques am@nsverse temperatukel, =10 meV. Measurements were
very powerful and do allow for an efficient transfer of popu- performed atE=0 and also at various energi€sin the
lation among the different initial states, they usually requirerange of 3—11 eV. Under these latter conditions, the electron
a very special configuration of electronior rovibrational velocity spread resulted in a nearly symmetrical energy
stateq 31]. spread of 100-200 meV full width at half maximum

At each turn and at all times starting from the injection,

A. Overview
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FIG. 2. Schematic drawing of the TSR storage ring, including the arrangement for measuring dissociative recombination rates and the
extraction toward the dedicated beam line for Coulomb explosion ima@gg) of the molecular ions. The two CEI detectors are labeled
by A andB; detectorA was used for the H and D' fragments in the present experiment.

Dissociating
neutral fragments

(FWHM) around the average collision enerBy The influ-  diameter Chevron microchannel plat&CP) coupled to a
ence of the ion velocity spread on the collision energiegphosphor screen. Each particle impact on the detector created
could always be neglected. a light spot of~1—1.5-mm diameter on the phosphor screen,
The DR rates were measured by detecting the neutrand the image of these spots was digitized using a CCD
fragments H and D produced in the interaction region withcamera, coupled to a fast frame grabber device, which was
the electrons, using a detector mounted straight ahead of thead out by a computer. On analysis, the positions of the
cooler at a distance of6 m from the center of the interac- light spots were determined using a peak finding procedure,
tion region (see Fig. 2 Two different types of detectors and for each frame that contained two spots their relative
were employed: a two-dimensional fragment imaging detecdistance was deduced. The position resolution of the detector
tor and a surface-barriéenergy sensitivedetector. Techni- was~100 um and the minimum distance which could be
cal details related to the two-dimensional fragment imaginglistinguished between two spots was2 mm. The CCD
detector have been published previousg|. camera was measuring at a constant rate of 50 frames per
The two-dimensional fragment imaging detector allows ussecond, while the actual rate of DR events was of the order
to record, for a large number of recombination events, spemf a few kHz; therefore the detector was operated in the
tra of the transverse fragment distance, from which both theo-called “trigger mode’[23] which assured that only one
initial vibrational statev and the final asymptotic staten’ DR event was recorded per frame.
of the DR fragments can be determined. This provides a The 2D projection onto the plane of the detedjoerpen-
series of relative initial-to-final state-to-state DR rates as alicular to the beam directigrof the 3D spatial relative dis-
function of storage timéi.e., as a function of the change in tance between the DR fragments upon their arrival to the
the vibrational distribution Using the measured vibrational detector, measured event by event, yields an accumulated
populations(see Sec. Il ¢ these rates were converted to spectrum of projected distances. Under specific experimental
relative state-to-state rate coefficients. Because of the relaonditions, the shape of this projected-distance spectrum is
tively high complexity of the imaging spectrum, which limits determined directly by the states involved in the DR process,
its resolution once too many DR channels are open, the imand the analysis allows us to identify the different possible
aging measurement was conducted only at zero relative elegalues for the kinetic energy releakg of the DR fragments
tron energy E=0). At higher collision energies H in the molecular frame of reference, together with their rela-
=3-11 eV), the total DR rate was measured instead as tive contributions to the spectrum. The underlying principle
function of storage time employing the surface-barrier detecef the method being used here is that each such valisg, of
tor; combining this information with the measured time de-is actually characteristic of events for a specific initial-to-
pendences of the vibrational populations, state-specific reldinal DR channel. For the recombination process as repre-
tive rate coefficients(summed over all final statesvere sented by Eq(3) and illustrated in Fig. 1, the kinetic energy
obtained for several vibrational states. releasekE, is given by energy conservation as

1. State-to-state relative contributions in DR fragment spectra Ex=E,;+E—E,, (5)

For the low energy state-to-state relative rate-coefficient
measurement, the H and D neutral DR fragments were dévhere
tected by a two-dimension&2D) fragment imaging detector
[22,23. In short, this detector is composed of an 80-mm- E,;=E,+J(J+1)B (6)
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is the initial rovibrational energy of the molecular ion, with an angled between the internuclear axis and the beam direc-
E, being the vibrational energigorresponding td=0) and  tion at the time of dissociation, results in a projected distance
B the rotational constant of the molecular idg,, is the D between the DR fragments in the plane of the detector
energy of the final asymptotic state’ of the DR fragments. given by
Since isotopic shifts are not resolved, events with final states
nn’ andn’n are equivalent for this experiment. All energies
are measured relative to the same energy level, which for
convenience was chosen to be the ground rovibrational state - (My+ mp) -
V= 0,J=0 of HD". Con§|derlng thg average rotational ener- 5\(/J)nnr:—\/Ek(,ijnn'/Eiv (8)
gies of the stored HD ions, as discussed below, the true vmMyMp
collision energies of the DR events can be represented with
sufficient accuracy by the average relative enelggf the ~ wheremy andmp, are the fragment masses. The upper index
merged beams, neglecting the influence of the electron anef & indicates its dependence on the relative enekgy
ion beam velocity spreads. Based on E§$and(6), and for  through E(kI,EJJnn’ [cf. Eq. (5)]. Taking into account the fact
a fixed electron energl, each kinetic energy valug, can  that DR events occur along the whole interaction region with
be directly correlated to an initial-to-final state-to-state DRthe electrongranging between distancesg ands, from the
channelvdnn’ from specific initial statevJ to specific final  detectoy with equal probability, and assuming an isotropic
statenn’. The kinetic energy release in such a case will bedistribution of # in the molecular frame of reference, which
denoted aﬁ(kE\BJnn, . is good at least in the limit of vanishing collision energy, one
A single DR event of a molecular ion with laboratory gets for the normalized projected-distance distribution
energyE;, taking place at a distansgrom the detector with p& (D) the following line shapé23]:

vJnn’

D=ss5F)

vJn

v Sing, (7)

r ! b P for 0=<D=s,5"
arccos —arccos—=—| for 0<D<s
E E E 1%Jnn’
(52~ 51) 8\ S20y 3 S1603h e
PE (D)=} 1 D ©)
vann & arccos—g— for 5,65 <D=s,8%) |

(SZ_ Sl) 6vjnn’ SZ5VJI’1I"I/

\ 0 otherwise.

The line shape of Eq9) rises from zero aD=0 to a peak Hererf,?nn,(t) represents the partial DR rate at tim&om

at distanceDleﬁ\(,ELn,, and then decreases again to zerothe respective channel. The corresponding time-independent
with an edge at the maximal possible distaiice szé(E) rate coefficientw, jn (E) is related tor () (t) through

vinn’ * vann’
For fixedE;, s;, ands,, each DR channelJnn’ is charac- ®
terized by the specific line shape obtained for the kinetic M yann ()= Kayann (E)N (1), (12

energy reIeasE(k’E\fJnn, of this channel.

In general, several states are involved in the DR proces@/here Ny,(t) stands for the number of ions in the stored
thus the total accumulated projected distance spectrufi€@m populating the rovibrational statd at time t after
PE)(D:t) measured at time after injection is given by a injection, andK is a normalization constant independent of
summation over all energetically open DR channelsE: vInn', andt. o _

(E(E) =0): As pointed out above, complete vibrational cooling of

Kvdnn’ ' HD™" is achieved after storage for about 300 ms. However,

such time is too short for rotational cooling, as pure rota-

PEMD;H= > o P (D), (10)

, vJnn’
vinn

where the contributiongrumber of eventsq(5).

different DR channels satisfy the relation

(t) of the

E E
i () r {5 ()

= . (11
2 q\(/I.E])nn’(t) 2 r\(/I\:_])nn’(t)
vann’

vann’

tional relaxation would require storage times longer by or-
ders of magnitudg21]. Thus, it is reasonable to assume that
the rotational population stays constant during the whole
time interval of our measurementi.e., over the first
~400 ms of storageand is identical to the initial rotational
population of the ion source. The production of the HD
ions by direct electron impact ionization of HD is not ex-
pected to change much the initial rotational population dis-
tribution of the parent HD moleculd84,35. Such popula-
tion is characterized by a Boltzmann distribution with a
temperature between a few hundred degrees K up to about
1000 K. In the stored molecular ions, small deviations from
the initial distribution will occur due to rovibrational transi-
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tions where thel quantum number changes as determined by aynn'(E) Gy (1) Po(t)
the selection rule$36]; however, the experimental results 2ot E) = Qa0 Dol
obtained in this experiment are not affected by such small 021 02nt) v

ch%ngesdin thﬁ. rotational _population. he relati ib Note that, while both the relative contributions to the DR rate

. ellse O? t. IS assuriptlon, v/ve express the relative rovibras, g the relative populations are time-dependent, their com-

tional populationpy(t) =Ny(t)/ZysNy,(t) as binations according to Eq(19 have to yield time-
Py =p,(H)p,, (13) independent results.

(19

where p,(t) describes the total relative population of the 2. Time-dependent vibration-averaged DR rate coefficients

vibrational levelv and In the preceding subsection, it was shown that it is pos-
33+ 1)BIKT sible to obtain the relative DR rate coefficients for a specific
_ (2d+1)e (14) vibrational state using the two-dimensional imaging tech-
P I3+ )BT nique. Although such a technique is general, it can become
2 (2J+1)e extremely complicated once many final channels are
open, because of the difficulty in analyzing the imaging data.
This definition allows us to take into account the effect of aThis is in particular the case at higher relative enerdies
thermal rotational excitation on the kinetic energy releasdetween electrons and ions. Complications with regards to
Ey. the DR fragment imaging technique then also arise because
Another aspect with regard to the rotational excitation ofthe fragmentation anglé with respect to the ion beam axis
the ions is the dependence of the DR rate coefficientsee the discussion preceding E8)] may no longer be iso-
ayn(E) on the initial J quantum number. While d de-  tropically distributed, as can be assumed Eox 0.
pendence of the DR cross section exists in principle, its ef- Provided the relative populations of the different vibra-
fect for relatively low J values is expected to be much tional levels as a function of the storage time are markedly
smaller as compared to the effect of tlve dependence different from each other, it is also possible to obtain state-
[37,38. Thus, to the extent of the present experiment, wespecific rate coefficients from the time dependence of the
have assumed a negligible rotational dependence of the ratetal number of DR events. The main difference is that in
coefficient, considering the dependence on the initial state tthis case the final states of the DR process are unknown, so

occur only through the vibrational quantum numlper that the rate coefficient, (E) obtained by this method refers
to a specific initial vibrational state summed over all ener-
ayinw(E)=aynn(E)  forall J. (15  getically possible final states for a given electron endfgy

o The measured DR rate coefficient as a function of storage
Based on Eqs(11) and(12), this implies that time t, «a(t;E), is a sum over all the population-weighted

specific rate coefficients from each vibrational state
a5, (0=p,al) (1) (16 P

and a(t;E)=2 py(t)ay(E). (20
\
S (V=P (). an
Using Egs.(10) and (16), the total projected distance
spectrum is thus expressed by

The state-specific rate coefficienas(E) can be extracted
from a fit to the values of the vibration-averaged DR rate
coefficient «(t;E) measured(at a given energye) for a
large sample of storage times the independently deter-
PED;H=2 o5 ()X pP),(D), (18  mined vibrational populationp,(t) are inserted in Eq(20)
vnn’ J and the set of rate coefficients,(E) is taken for the free
) , . o parameters.
whereq,,(t) describes the size of the contribution of the " 4 the measurement af(t;E), the neutral fragments H
channelvnn’ (summed over all levels to the projected and D were detected by a A®O-mn? energy-sensitive Si
distance spectrum, while the spectral shape of this contribusyrface-barrier detector, replacing the two-dimensional imag-
tion is given by Eq/(9) for the different rovibrational energy jng detector and being large enough to cover the full disso-
levels according to Eq(6) after averaging over the thermal ¢jation cones. The DR events were recorded requiring the
rotational level populations. full beam energyE; to be deposited, corresponding to the
Relative DR rate coefficients for the state-to-state chansjmultaneous arrival of H and D on the detector. Small back-
nelsvnn’ were extracted by fitting the spectri®®(D;t)  ground contributions to this signal entered due to electron
measured at timewith suitaply fixed value§ for the k.inetic capture from the residual-gas atoms or molecules, leading to
energy releaseSy o €ntering Eq(9), varying the weights  ejther bound neutral HD molecules or two neutral fragments
q'™ (t) and also the rotational temperatufe Regarding H and D. Beside full beam energy events, also events of 2/3
Egs. (11)—(17), using the relative vibrational populations and 1/3 of the beam energy were recorded, corresponding to
measured by Coulomb explosion imaging as described ia single D or a single H atom, respectively. These single
Sec. Il C, and taking the rate coefficient,,(E) for v=0, neutral particles originated from the dissociation of the mo-
n=2, andn’=1 as a reference, the relative rate coefficientsdecular ions HD' to H + D" or to H* + D, for which only
were then obtained as the neutral fragment reached the detector. At low electron
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energies, such dissociation events occur only due to colli- N(t):G[ra(trel)+rg(trel)][s(t)/s(trel)]: (23

sions with the residual-gas particles in the straight section

ahead of the detector. Once the energy of the free electron {§hereG is an overall normalization constant independent of

above the dissociation energy of HO2.67 eV}, molecular  the vibrational excitation of the ion beam.

dissociation also originates from dissociative excitatiof) In summary, to derive the state-specific rate coefficients

of HD™ by the electrons of the electron cooler. . from the time dependence of the total DR rate, first the
The measurements were performed by recording thgibration-averaged rate coefficientt;E) are deduced us-

count rate at the full-energy peak of the Si detecft;E)  ing Eqs.(21])—(23), and then Eq(20) and the vibrational

as a function of storage timefor various relative electron popylationsp,(t) are applied to extract the rate coefficient

energiesE. Both signal and background were determined byfor each vibrational levey. Since in the present experiment

switching the electron acceleration voltage back and f@th G js unknown, the state-specific DR rate coefficients are ob-
a rate of 30 Hzbetween the level correspondingdwhere  tained in arbitrary units.

rs(t;E) was measurelcand a very low value where the elec-
tron current and hence the electron-related count rate are
negligible; the count rate(t) measured at this latter level
were only due to background contributions. The background- 1. Basic measurement
subtracted DR rate(t) is given by

C. Vibrational population measurement

The vibrational population distribution of the ion beam
circulating in the TSR was measured by probing a small
fraction of the beam, continuously extracted from the ring
using a slow spill technique. The relative populations of vi-
brational states in these extracted ions were sampled using
the Coulomb explosion imagingCEl) technique. Details
about the CEIl method and the experimental setup at the TSR,
including the extraction part, can be found elsewh&@—

41], and only a short description will be given here.

In a CEIl experimen39], a beam of fast molecular ions
collides with a very thin €100 A thick solid target so that
all binding electrons are rapidly stripped. For MeV beams,
such stripping occurs on a time scale 6f10 1€ s, i.e.,
much shorter than the typical vibrationat (04 s) or ro-

r(t;E)=r3(t;E)—r°(1), (21)

from which the vibration-averaged DR rate coefficient
a(t;E) can be deduced as

a(t;E)=r(t;E)/ gno(E)N(t). (22)

Hereng(E) is the electron density at the electron enekyy
N(t) is the total number of ions in the ring at tineand
=L/C is the ratio between the length of the interaction re-
gion (L=1.5 m) and the ring circumferenc€ &E55.4 m).
The electron densityn.(E) was extracted from the electron
current measured at the collector of the electron cooler. UsUzionai (1012 s) times. Moreover, the full dwell time in

ally, the numbeN(t) of stored ions is deduced from the ion e foi of ~10715 s is much smaller than the characteristic

current circulating in the ring as it is measured by the currenfi o scale of the Coulomb explosion dynamics, so that the
transformer of the TSR. However, in the present experimen{1 '

i the nuclei with the target atoms. The exiting fragments
absolute rate coefficients could not be extracted. In order tﬂwen “Coulomb explode” due to the strong repulsion be-

obtain a signal propor.non_al to the on peam current, apartyean the jon cores, converting their potential energy into
from an overall normalization factor, previous measurementg; -tic energy in the center-of-mass frame of reference. A
on V|brat_|onally relaxed ions used the b_ackgroun_d CoUNte\y hundred A from the foil surface, most of the initial Cou-

rates of single neutral fragments produced in the residual gag, ;) energy has been transformed into kinetic energy and
rp andrp. In the present measurement with vibrationally {4 fragments reach their asymptotic velocities. The

relaxing ions, such a procedure might be wrong since thesymptotic Kinetic energyE(k) of the fragments in their

single fragment production in residual gas collisions COUIGilenter of-mass frame of reference can be determined experi
be sensitive also to the vibrational excitation of the molecu- P

lar ions. Thus, a quantity which is proportional Kgt) was mentall_y at a.distan_ce of_a few meFers from.the foil using a
obtained from another procedure. three-dimensional imaging tecklmque, which measures the
For every injection, the average background rate of singlgelative two-dimensional distande on the plane of the de-

neutral fragmentsnﬂ(treo+rB(tre|). was recorded after com- tector(perpendicular to the beam directjoand the relative
plete vibrational relaxation in a storage time interval cen-time of arrivalAt between the molecular fragments:

tered att,, =450 ms(specifically, the interval of 400—-500

ms). In a separate step under the same experimental condi- ~ E  mymp ~

tions, but with the ion beam bunched by a radiofrequency Ev=zy — ——[(viAt)?+D?], (24)
cavity, an electrical sign&(t) proportional to the number of Mp)
HD" ions in the ring could be observed on a pickup elec- -
trode near the ion beam. The relatively weak signal was aywherev; is the ion beam velocity. The, distribution mea-
eraged over many injections and yielded the relative timesured for an ensemble of ions can be used to extract their
dependence of the circulating ion current, which was used t#itial internuclear distancéR) distribution before stripping,
derive, from the rate of background events measured afte¥hich is directly related to the square of the nuclear wave
each injection for a relaxed beam, the number of ions at anfunction. As such, thé&, distribution is sensitive to the ini-
storage timd, tial vibrational population distributiop40].
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In the present experimental set{ipl], HD" ions ex- multiple scattering and charge exchange that the molecular
tracted from the TSR were collimated by two apertures of Zragments undergo in the foil have to be accounted for. Sec-
mm diam situatéd 3 m apart(see Fig. 2 before hitting a ond, Eq.(27) neglects the initial momentum of the bound
formvar target of a measured 70-A thickness. The imagingwclei prior to Coulomb explosion. However, this initial mo-

detector A in Fig. 2) was situated at a distance & mentum leads to an additional contributionEg becoming
=2965 mm from the target and is basically composed of aimportant for high vibrationally excited states, where the ini-
ion-electron conversion foil producing an electron showetrtial kinetic energy of the fragments represents 10-15% of
for each ion impact, a two-stage MCP, and a phosphothe total kinetic energy releagé—2 eV as compared to an
screen together with a set of anode stripse Ref[41] for  average Coulomb potential energy ©f13.5 eV). The cor-

details. The two-dimensional distand was deduced in the rect inclusion of the initial momentum of the fragments re-
same way as for the two-dimensional imaging of the DRAuires a quantum-mechanical treatment of the Coulomb ex-
fragments described in Sec. 11 B 1, i.e., using a CCD camerg&losion process. As a third modification, the finite resolution
which digitized the images of the light spots created on the?f the imaging detector must be accounted for.

phosphor screen, and was Coupled to a fast frame grabber The first and the last of the required modifications can be
device read out by a computer. The differencebetween @pplied by using an existing classical Monte-Carlo simula-
the arrival times of the fragments was obtained using timingion of the molecular Coulomb explosion starting with ran-
Signa|s from the anode strips located behind the phosph&om initial conditions (i.e., internuclear distanceR) as
screen. A resolution of-100 ps(FWHM) was obtained for given by the squared nuclear wave function. Details about
the timing of a single fragment. On analysis, the spatial andhis simulation can be found in a previous publicatiéd]. It

the timing data were correlated to yield simultaneously thecomputes the classical trajectories of the dissociating frag-
relative distanced and the time intervalit between the Ments including all known effects related to MeV molecule-

impacts for each pair of H and D" fragments. Using a solid interaction and dissociation dynamics, and also in-

beam chopper in front of the stripping foil, the CEI measure-CIUdeS the detector resolution in deriving the kinetic energy

. . . E,, ~ . - . .
ments were performed molecule by molecule. dlstr|but|onst'<(Ek). Its reliability has been proven in vari-

ous earlier experiments, where the main focus was on mo-

2. Evaluation of vibrational populations lecular structure for lower vibrational states. The correction

The evaluation of vibrational populations is based on thd©r foil effects and detector resolution typically amounts to a
characteristic shapes of kinetic energy distributions for CouProadening of the energy distribution by about 20% and is
lomb explosion of molecules in different vibrational stages  [ully taken into account by the simulation so that these ef-

. B = .. fects do not affect the retrieval of the vibrational population.
Ba.f,ed on the prgdlcted shaB§ (Ey) of such energy distri- This approach does not account for the initial momentum
butions, the relative populatiomg (t) [=,p,(t)=1] are de- distribution of the nuclei. It is straightforward in principle to
termined by fitting to the experimental data the superpositior(l:alculate quantum mechanically tBe distribution, includ-

L = ing the effect of the initial momentum distribution, by pro-
PEk(Ek;t)=2 py ()P K(Ey), (250  jecting the bound-state wave function onto continuum wave
\

functions of given energieg,. However, such calculation
does not include the target effects and the experimental en-

(. . N L
whereP (E,) is the normalized kinetic energy distribution ergy resolution as discussed above. In order to combine all

for an ensemble of ions in a given vibrational state the corrections, the following approximate procedure was
In a simplified, semiclassical description of the Coulombapp”ed for each individual vibrational state:
explosion process, the kinetic energy distribut%ﬁ'ﬁ‘(ﬁk) is (@ In a first step, the quantum-mechanical distribution
directly related to the initial internuclear distance distributionQEk(Ek) of the asymptotic kinetic energl, of the frag-
R .
PJ(R) according to ments in their center-of-mass frame of reference was ob-
B~ R 5 tained, assuming a pure Coulomb explosion without any ex-
P M EWdE=Py(R)JAR=V{(R)dR, (260 perimental effects due to the foil or the detector. The initial

3 nuclear wave function was projected on a basis set composed
where the kinetic energy releagg as a function of the in- of Coulomb wave functiong.(R;k,J), each characterized
ternuclear distance is given by the Coulomb law; for HD by the wave numbek=7%~1[ 2E,mymp /(M 4+ mp) 1¥2 and

~ ) the conservedin the stripping procegsangular momentum
EWR)=€?/R. (27) o - .
J. The kinetic energy distributio® %(Ey), corresponding to

The distribution PX(R) is identical to the square of the the initial statevJ, is obtained according to

nuclear wave functiortV',(R) for the vibrational statev. ~

Note that in this approximation it is also assumed that the Bk B VAE — Ok _ 1k |2

nuclei are at rest in the center-of-mass frame of reference Q.3 (B dE=Qyy(k)dk=[Cy,|* dk, (28)

before the collision with the target. .
To obtain sufficiently accurate predictions for the kinetic with

energy distributions associated with the different vibrational

states, several small but non-negligible modifications have to

k _ * .
be applied to the above simplified description. Firstly, the CvJ_f Xe (R, )W yy(R)AR. (29
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In the present experiment, our ensemble of ions was at a 300F " {a) t=0-10 ms ' ' e
rotational temperature of a few hundred degrees K, hence - 1
only low values ofJ are of interest. For different low 200 7
values with the samke value, the calculations &, yielded 100k i

similar results which are not distinguishable experimentally.

Thus, for simplicity,J=0 was assumed throughout the cal- 372 I NN = N som
culation, and the final result for the kinetic energy distribu- I e et (0%)
tion is given by osgk T TR, e v=2 (18%)
| v=3 (10%)
B o= g K 125 v=4(5%)
Q. “(EdE=|Cy;_o|* dk. (30) I
-.Q 0 T T
E o~ c L v= %)
The function QS"(EK) represents the exact kinetic energy 3 4507 - v=(1) 8353
[ N PR N v=2 (10%)

release distribution for the dissociation of a molecular ion 300 |
through the pure Coulomb potential. I

(b) In order to include the foil effects and the effects of 1501 ]
the finite detector resolution, the quantum-mechanical Cou- V) — e pes S ;
lomb explosion was inverted assuming classical trajectories oosol (@ 1400 ms v=0 (100%) |
in_the pure Coulomb potential. Using the relation i 1
QP(E)dE=QX(R)dR in connection with Eq(27), that 19001 ]
(artificial) R distribution Q¥(R) was calculated which, for weor ]
classical trajectories, yields the quantum-mechanical distri- 0L ' :
bution QEK(E : 5 10 15 20 25

v Ak o R Kinetic Energy (eV)

(c) This artificial R distribution Q;(R) was then used as

the initial R distribution for the Monte-Carlo simulation, FIG. 3. Kinetic energy spectra measured for Coulomb explosion

yielding the final functiorP=4(E,) for fitting the experimen-  imaging of HD" for different storage time slice¢a) 0-10 ms,(b)
v 40-50 ms(c) 90—-100 ms, anéd) t>400 ms. The thick solid lines

tal E, distributions. . represent the fits as described in the text. Paiimpigd) display also
Using the set of distributionE’Sk(Ek) obtained from this the vibrational populationg&hose above 5%obtained from the fit,

procedure, the experimental da@&x(E, ;t) were fitted tak- gofsfzder E:Vr:;h dt:tfe;nﬁl;];scontnbutlons to the spectrithin solid,
ing the relative populationg, (t) of the different vibrational ’
levels as free parameters.
lower final kinetic energie&, .
ll. RESULTS Quantitatively, following the procedure described above

in Sec. Il C 2, the kinetic energy spectruﬁ?k(ﬁk;t) for
each time slice was fitted using the calculated spectra

Pfk(NEk) for each of the different levels of HD" with the
To analyze the vibrational distribution of the stored HD relative populationg, (t) as free parameters. The nuclear

ions as a funciion of the storage time, spectra of the kinetigibrational wave functions¥,(R) needed for the calcula-
energy releas&, after Coulomb explosion were measured tions were computed by solving the Sctirger equation for

for injection cycles repeated at intervals of 1 s. Examples ofhe known ground electronic potential curve of H[43]. A
spectra showing the vibrational relaxation are shown in Figdirect and simple comparison can be made with the spectrum
3 for four storage time slice§.e., various vibrational popu- shown in Fig. 8d), which is the kinetic energy distribution
lation distribution$. After 400 ms, the kinetic energy distri- for the ground state of I:ID after relaxation of the stored

bution i|§ fqunld toh be .tti)me.-indlepenlqent.f he HOMol ions. The distribution Pfio(ﬁk) calculated for ground-
Qualitatively, the vibrational cooling of the HDmolecu- ibrational-state HD molecular ions is shown as a smooth

lar ions is exhibited through two time-dependent features Oﬁolid line on top of the measured data in Figd)3 demon-

the CEIl spectra: on one hand, the spectrum is getting nar;, _.. . ; i
rower with time, and on the other hand, its peak is Shiftingstratlng a very good mutual agreement. This particular com

X L X “parison is also important for the fine tuning of parameters
toward higher kinetic energy values. For short times the ki ntering the Monte-Carlo simulation described in Sec. 11 C 2,

Qiesttlﬁbeur;gr?yo?'\?itgrt;iité%gfSsrai;ysW'geu?ZtZJefﬁlitnqéézﬁnpr?ﬁe ainly the target foil thickness. As these parameters are con-
pop J ’ stant for all vibrational states, they were optimized to pro-

higher the .vibrational excitation, the vv_ider. N vibratiqna! vide the best possible fit to the coldest measured spectrum.
wave éurlctlon and the corresponding kinetic energy distribu- The results of the fit for the experimental distributions in
tion P_*(E,) [see Eqs(26) and(27)]. The shiftin the peakis Figs. 3a)—3(c) are shown as smooth solid lines on top of the
expected as a result of the anharmonicity of the'HRo-  experimental data. Note that the calculated curves include
lecular potential for the high-lying vibrational states popu-noise originating from the Monte-Carlo simulation. Also in-
lated. Initially, the molecule has a higher probability to bedicated are the main partial contributions to the spectrum and
found at larger internuclear distanc& corresponding to the resulting vibrational populatiorigabove 5%.

A. Vibrational population distribution

1. Time evolution
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FIG. 4. Time evolution of the vibrational-state populatioy(t)

for 0<v=11, normalized t&,p,(t)=100%, as obtained from fit- FIG. 5. The values of the radiative lifetime for various vibra-
ting the time-sliced CEI kinetic energy spectra, of which some ex-ional levels of HD", as obtained from fitting the time evolution of
amples are given in Fig. 3. The smooth lines through the experithe populations given in Fig. &ee text Together with the experi-
mental points are the results of fitting the time evolution of themental values are shown two sets of theoretical results calculated by
measured populations by the theoretical model as described in themitay et al. [21] (open squargsand by Peelet al. [46] (open

text. triangles.
Figure 4 summarizes the time evolution of the derived s Jex e
populationsp,(t) for the vibrational states=0-11 over ) =ane v+ X a,e!veb, (32

storage timed ranging from 0 to 300 ms in 10-ms bins, visvrl

normalized toZ,p,(t)=100%. The population 0/=0iS  \yherea, . andb, are time-independent constants. Inserting
rising with time from~10% at injection to 100% after 400 s general solution into the set of rate equations of ().
ms, while the vibrational states=1 and 2 exhibit an initial 5 assuming, # 7. . ; (a correct assumption for HD), one

\% \Y 3

rise in th'eir population, foI.Iowed by a decrease when thegets for the constants,, the iterative expression
deexcitation to lower vibrational states overcomes the feed-

ing from the upper vibrational levels. In the following sub- Vinax
section, we compare the time dependence of the vibrational a,,=p,(0)— 2 a,  for 0<V=vpa,
populations to a simple theoretical model. v/=v+1
(33
2. Radiative Ilfetlnlwes and |n|t|a.l populations ' A,y = Ay 1y’ for v+1sv'<voa
For HD", as for any infrared active molecular ion, the Ty+1(Ur,—17,))

time evolution of the vibrational populations,(t) during

the storage in the ring is completely determined by the initialandb, =0.

populations of the vibrational states upon production and in- The observed time-dependent vibrational populations
jection, p,(0), and by theradiative lifetimesr, of the dif-  shown in Fig. 4 were fitted using the analytical solution for

ferent levels. Vimax= 11 with the radiative lifetimes,, and the initial popu-
The recursive rate equations describing the time evolutiotationsp, (0) as free parameters, yielding the smooth lines in
for each levelv are of the form Fig. 4. Figures 5 and 6 show the fit results for the radiative

lifetimes and for the initial populations of the various vibra-
tional levels, respectively. The large errors for the higher
dp,(t) 1 1 vibrational levels, especially for=9-11, are due to their
da T_va(t)”meVH(t)' (3D) very small initial populations, which make their relative con-
tributions to the CEI data difficult to extract precisely.
Together with the experimental results for the radiative
If the initial population for levels above,,., is assumed to lifetimes, Fig. 5 presents theoretical values calculated by
be negligibleli.e., p,(0)=0 for v>v.d, the general solu- Amitay et al. [21] and by Peelet al. [46]. The calculations
tion of the set of rate equations is by Amitay et al. were carried out for various rotational levels
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FIG. 7. Calculated kinetic energy release for the DR of 'HD
with zero energy electrons as a function of the initial vibrational

FIG. 6. The initial(normalized vibrational population distribu- ~ Statev for various final states=2, 3, and 4. The lines are drawn to
tion (upon production and injection into the rin@s obtained from  guide the eyes.
fitting the time evolution of the populations given in Fig.(dee
text). Also shown are results of calculations which assumed producto the fact that the calculation did not take into account the
tion of HD" by direct electron impact ionization of HD, yielding variation of the electronic matrix elements for direct
vibrational populations according to the Franck-Condon factors beelectron-impact ionization with the internuclear separation.
tween the wave functions of the ground-state HD and the differenp\n attempt to perform such a calculation was done by Von
vibrational states of HD. Busch and Dunii35] in order to analyze the photodissocia-
L ) ) tion cross section of 5 . Moreover, deviations might be
up toJ=7, yielding lifetimes which vary over the differedt .5 ,seqd by the additional production of Filby excitation of
levels of a specific vibrational level by up t620%, becom-  Hp to Rydberg states and following by autoionization. The
ing shorter for hlgher rotational excitation. The values ShOthutoionization of S|ng|y excited HD Rydberg states requires
here(open squargswere calculated fod=3, the averagd  a conversion of internal vibrational energy to electronic en-
value of the experimental rotational distribution correspondergy and hence vibrational deexcitation of the ionic (HD
ing to a few hundred up te-1000 K. The calculations by core. Thus, assuming the electronic excitation of Rydberg
Peeket al. were done forJ=0. The general trends of the states to leave the ionic core with similar vibrational popu-
experimental and the theoretical results are consistent witfations as the direct electron-impact ionization, the final vi-
each other, and although the experiment yields systematpyrational populations of HD after autoionization are likely
cally slightly smaller lifetime values for 2v<7 and a to be shifted to lower excitation. Indeed, the comparison be-
slightly higher value fov=1, a good overall agreement is tween the experimental and the calculated populations indi-
obtained. To our knowledge, this is the first direct measurecates a slight trend to lower excitation. A similar explanation
ment for the lifetimes of the vibrational states of HDand  was also given by Von Busch and Duf85]. Finally, the
as such, the results can be used as a benchmark for futuggectron impact processes in the ion source can also lead to
calculations. electronically doubly excited states of HD which can au-

The resulting values for the initial vibrational populations toionize by direct electronic interaction. These processes
py(0), shown in Fig. 6, exhibit a distribution peaked be- would again be expected to yield different vibrational popu-
tweenv=2 and 3. They are compared to the populationsations from direct ionization.
calculated with the assumption that the electron impact ion- Altogether, the degree of consistency found between the
ization in the ion source can be described by vertical direcexperimental results and theoretical predictions, both for the
transitions from the electronic and vibrational ground state ofadiative lifetimes and the initial vibrational populations,
HD to the electronic ground state of HD thus yielding  strongly confirms the reliability of the time-dependent vibra-

populations according to the Franck-Condon factors of theional populations of the stored ions as measured by the CEI
different vibrational states of HD with the ground state of technique.

HD. For most of the vibrational levels these predictions lie
within the experimental error bars; disagreement beyond the
experimental error only exists for=0, where the theory
underestimates the initial population. Deviations of the ex- In this subsection, we present the results for the
perimental results from this simple prediction may be relatedvibrational-state specific DR rate coefficients of HDb-

Vibrational State v

B. State-to-state DR rate coefficients aE=0



3780 Z. AMITAY et al. PRA 60

[=]
[=]
—

[ 2{0\ I .i.'v' ' I_ _
t=0-10 S (1] 1 F [v=5, n=2}
300 __(a) "~ ] o S0 n"*‘”[‘mo n=2l 005 |- :
200 £ oot i l
! S o ; 0
1oof ar by, DeoneEl fF [v=6 , n=2]
: ok, ]ty |
300 x O O
- S ol [v-2, n=2]] 8 4} [v=6 , n=3]]
200 o t 1 1y
~ ol +}+*{'h<}{'§ 1 af H i
100 | .S Y t t f* + of + +
P 0 *é Jf [v=3 ., n=2]] ,,[ [v=7 . n=2]]
S 300 = 2r { 1 o0 4 1
8 S o4 S A o
200 i . _[22]) (18%) o or } [v=4,n=2]] o[ % [v=7, n=3]
100 o Y= e [4.2] (6%) ] 2 st {, }‘HP 1 50 ’*{. ]
0 = $ o0 A ol . . #e,
300 | (@) t=440-450 ms ] & 50 100 150 200 250 300 50 100 150 200 250 300
200-_ [0,2] (100%) ] Storage Time (ms)
100_ . FIG. 9. Fitting results for the relative contribution from each
0 L ] initial-to-final state-to-state DR channgl/,n] to the projected-
5 10 15 distance distribution measured&t=0 at different storage timets
Projected Distance (mm) [v,n] stands for DR starting at the vibrational leveand ending at

the final asymptote of given with n’=1 (see text

FIG. 8. Projected distance distributions as measured between tl%e distributi H in f t i | th
H and D fragments from the DR of vibrationally excited HIat ion distributions. Here again, for storage times longer than

matched electron and ion beam velociti&=0) at different stor- 400 ms, the pr,OJeCtEd'd'Stance distribution is constant, smge
age times:(@ 010 ms,(b) 4050 ms,(c) 90—100 ms, andd) the molec_ular ions are fuIIy_reI_axe_d and no more changes in
440—450 ms. On top of the data in pan@sand(d) are drawn(in  the vibrational population distribution take place.
solid lineg the overall fits of the measured distributions. Pa(egl Qualitatively, the time evolution of the projected-distance
also shows individual contributiorfs/,n] from DR starting at the ~SPectrum is characterized by a rapid change either at large or
vibrational levelv and ending at the final asymptote of givemitn ~ Small projected-distance regions. These regions of the dis-
n'=1 (see text tance spectrum correspond mainly to either very high or very
low kinetic energy, respectively. At long storage time, the
tained by the two-dimensional imaging technique at matche@ptained distribution is concentrated mainly at intermediate
average velocities of electron and ion beaE=0). At the projected distancefFig. 8d)], and is the one which is ex-
corresponding low collision energies, and assuming the rotapected for DR starting fromr=0 and ending ah= 2 [solid
tional excitation to be restricted td<10, only the final as- smooth line in Fig. &)]. The other final asymptota=1,
ymptotes with one of the H and D fragments in the statesyhich is also energetically accessible from=0, is not
n=1 or 2 are accessible through DR as longvas5. The = populated, as was already demonstrated in a previous experi-
next set of final states)=3, can energetically be reached ment[22]. At shorter storage times and correspondingly high
only fromv=5 if J=5, or fromv=6. The other fragment viprational excitation, contributions at large projected dis-
always stays in the ground state’ 1); the asymptotes for tances are mainly due to DR events originating from0
which both fragments are excited become accessible only &iprational states and ending at the=2 asymptote. In ad-
collision energies above 12 eV, which are not applied in thisition, contributions at small projected distance are observed,
eXperiment. Figure 7 shows for an electron endEgyO the which result main|y from DR events ending at the3
relation between the kinetic energy relessg, ) .. channels, accessible essentiallyvor 6 and leading to small
and the initial vibrational excitation of HD, considering the kinetic energy release according to Fig. 7. Many such chan-
asymptotesi=2-4. From projecting the plotted points onto nels are open for the high initial vibrational excitation of the
the kinetic energy axis it is clear théat least up tor=9) ion beam.
each value OE(kI,Ev:(j)g)l is sufficiently separated from neighbor- ~ The analysis of the projected-distance spectra was carried
ing points to uniquely identify both the initial and the final ~ out following the procedure described in Sec. 11B 1. For
n state of the DR process. At higher excitation additionaleach measured time-sliced projected-distance spectrum
asymptotic states are open: however, in the present worR®€~%(D;t), the distribution was fitted using the function
only v=0-7 will be considered, as the experimentally de-described by Eq(18) with the rotational temperaturé and
rived populations of the higher stateg=8) have too large the various contributions to the spectruq@i:,o)(t), as free
uncertainties to be usef@see Fig. 4. parameters. The solid line shown on top of the data in Fig.
Figures 8a)—8(d) show some of the observed projected- 8(c) results from such a fit. Several individual contributions
distance spectra measured for the DR of HDsing the 2D  to the spectra are also shown. As can be seen, these functions
imaging technique described in Sec. Il B 1, as a function ofare well-separated, yielding contributions in characteristic
the storage timéi.e., sampling different vibrational popula- ranges of projected distance, so that their relative contribu-
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FIG. 10. Relative DR rate coefficients B=0 for the various
initial-to-final state-to-state DR channels as a function of storage FIG. 11. Final experimental results for the relative DR rate co-
time. The straight lines represent the average values used as théficients of HD" at E=0 as a function of the initial vibrational
final result. quantum number. Except for=5, where the result is only for
dissociation to then=2 asymptote, the displayed values have been
. . . . summed over all possible final states. Together with the experimen-
tions can be extracted. Figure 9 summarizes the fit results fqQr ! : )

) T (E=0) (E=0) al results are also shown the theoretical calculations by Schneider
the relative contributions, . (t)/Zynn 0y, () of €ach  ang suzor fow=0-10[30], by Takagi forv=0 and 1[44], and by
initial-to-final state-to-state DR channel to the projected-Nakashimaet al. for v=0-4[18]. Both experiment and theories
distance distribution measured at the different storage timeare normalized to unity fov=0. The lines through the theoretical
t. The values obtained for the rotational temperature wergesults are drawn to illustrate the trends of the results from the
also varied in the single fits and found to be in the rafige Vvarious calculations.
=450-750 K, consistent with the expected initial rotational
population in the ion source and only a small degree of rocases, except when the relative contributions to DR are small
tational cooling. Projected-distance spectra for storage timeguch as fov=3n=2). .

Of <70 ms and Correspondingly Very h|gh Vibrational exci_ The f|na| e).(p.e”mental I’esultS Of the State-to-state relat|Ve
tation were not included in these results, as the many supeRR rate coefficients were taken as the mean values over the
imposed contributions could no longer be identified in andifférent time slices. They are shown in Fig. 10 as straight

unambiguous way. It is important to point out that, sincelines. Figure 11 summarizes the final results as a function of

only projected distances above 2 mm could reliably be meath® m!nal vibrational quantum state. The Ya'ue for each
pecificv level was obtained after summation over all ener-

sured by the 2D imaging detection system, contributions’P€ ) . o
from DR with very low kinetic energy release could not be getically accessible final stateés The only exception is the

guantified and are also not included in the sum used fo}/alue forv=35, where, as pointed out above, the:3 chan-

. . : nel (open forv=5J=5 only) produces events with too
normalizing the results of Fig. 9. However, for our restricted . . . .
. L small projected distances. The experimental results shown in
range ofv=0-7, this only excludes the contributions from

X Fig. 11 agree within the error bars with the ones published

V=5, J=5, to the final asymptota=3. , _earlier[30]; however, the time-dependent vibrational popu-

In thgifourther analysis, the various DR signal contribu-|ations were taken in the present case from the fitted curves
tions q\(,n;, J(t) and the measured vibrational populations ghtained by varying both the initial populatiopg(0) and
py(t) (see Sec. lll A 2were used to derive the state-to-statethe vibrational lifetimesr, (see Sec. lll A 2, while in the
DR rate coefficientsa,,;(0) relative to that ofv=0, n  previous publication only the values @f(0) were varied.
=2, n’'=1, denotedrg,(0), i.e., ayn1(0)/ag(0) [see Eq.  The results of Fig. 11 and those shown in Fig. 4 of Ra@]
(19)]. Figure 10 presents the results obtained for various timare fully consistent with each other.
slices. Within their errors bars the values are time indepen- Together with the final experimental results, Fig. 11
dent as required. This fact strongly underlines the reliabilityshows theoretical calculations by Schneider and Suzor for
of the method used to extract the rate coefficients. The errorig=0-10(presented in Ref30]), as well as previous results
of the relative rate coefficients in a single time slice arepy Takagi forv=0-1 [44] and by Nakashimat al. for v
dominated by the uncertainties of the contributiqf)%i,o)(t) =0-4118]. All these calculations used variants of the mul-
to the projected-distance DR spectrum as long as the vibrdichannel quantum defect theof§6] with slightly different
tional populationg, (t) remain above~2.5%. For increas- Sets of molecular data. Takagi's calculations and those of
ing storage time, the populations of excited states gradualliNakashimeet al. have considered only th%Eg dissociative
decrease and their uncertainties dominate the error in marstate of HD(see Fig. 1, while Schneider and Suzor’s results
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were obtained taking into account also the hig@erdisso-
ciative stategsee Fig. L It is important to point out that the
results by Schneider and Suzor and by Takagi have been
convoluted with the experimentéle., anisotropit electron
velocity distribution, while those by Nakashine al. have
been obtained for an isotropic Maxwell-Boltzmann distribu-
tion corresponding to 100 K. Only Takagi's calculations ac-
count for the effect of the rotational motion on the DR cross
section, and his results are for a rotational temperature of 800
K. The two other calculations were done fb+0.

For the low vibrational states, a large spread exists among
the different theoretical predictions as well as between these
and the experimental results. In general, the calculations suc-
ceed to reproduce some but not all of the measured values.
For example, the particularly low experimental value found
for the relative rate coefficient of=3 is reproduced only by
the calculations of Nakashimet al. A very large discrep-
ancy is found forv=>5. It is important to point out that this
difference cannot be related to the fact that contributions ol
from thev=5J=5 states are not included in the experimen- 3 4 5 6 7 8 9 10 11
tal results(see abovg as the calculations are done fdr Electron Energy (eV)
=0. The low value fov=>5 could not be reproduced, even
when the calculations by Schneider and SUa8] were re- FI.G.. 12. Time depepdence of the vibration-averaged DR rate
peated using different sets of calculated potential curves. CC€fficient measured with electron in the energy range 3-11 eV.

For the higher vibrational levels, the overall trend of th(_:‘Panels(a)—(c) show the measurement as a function of the storage

. . time for three particular electron energida} 3.2 eV, (b) 6.9 eV,
experimental results demonstrates that a considerably Iargghd(c) 9 eV. Paneld) shows the measurement as a function of the

DR rate coefficient is obtained for>5 as compared 10 gjectron energyE for various particular time slices: 10-20 ms,
those ofv<5. This trend is qualitatively reproduced by the 40-50 ms, 90-100 ms, and 440—450 ms.
results of Schneider and Suzor. Moreover, the experimental

relative rate coefficients of 10 to 55 fer=6 and 7 are also Figures 12a)-12c) present the dependence on the stor-

well reproduced quantitatively. Nevertheless, the strong in29€ timet of the vibration-averaged DR rate coefficient

crease of the recombination rate predicted theoretically algr(]g g)eil/s rrgga:gtri'\a/glat'lt%i g%ﬁgg:@g:ﬂ'iﬁ:ﬁég?é the
ready forv=>5 is experimentally observed only far=6. » €SP Y.

4 i . tgtal circulating ion current as described in Sec. 11 B 2 up to
Possible reasons for the differences between the theoretic, arbitrary constant independent of electron energy and

predictions and the observed relative DR rate coeffic:ientgtorage time. As can be seen. each of the measurements ex-

will be discussed in Sec. IV. subsection hibits a different time evolution; however, all curves after
- B N ~400 ms approach a constant asymptotic value which cor-

Vibrational-state specific DR rate coefficients atE =3-11 eV responds to the DR rate coefficient\wf 0 at the respective

. . I .. E. At 3.2 eV, a(t) exhibits a high value at short times fol-

In th|s_p_art of the experiment, V|brat|onal-state_ specific|y\ ed by a very fast continuous decrease with time. The

rate coefficients were measured for the DR of HRith v g 9_ay spectrum displays a more complex structure with a

=0-3 as functions of the electron energy in the high energym )| peak located at 75 ms on top of a moderate decay,

range E=3-11 eV. The measurement was performed byyhile the 9-eV data show a strong rise as a function of time.

— T T T T — T T
30 (a) E,=3.2 eV 30| (b) E,=6.9 ¢V 30 {(c) E,=9 eV B
. ‘/,._\,.-.-\pﬁ_
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following the total DR rate for a given electron energy Figure 12d) shows the same measurements as a function
over storage times of the ions in the ring from 10 to 500 msof the electron energy for various time slices. As expected,
in 10-ms time-binning, as described in Sec. 11 B 2. for t=440-450 ms, when all ions are vibrationally relaxed,

In the range of energies covered, the DR of Hfdr low  the rate coefficient exhibits the well-known peak near 9 eV
vibrational states is known to be due to the capture of afi25-28. For shorter times, the cross-section maximum
electron in theQ, states of HD* (see Fig. 1 Various mea- moves to lower energy, indicating that for high vibrational
surements have shown that for FIy=0) ions a strong states lower electron energies are sufficient to reaciQthe
peak exists in the DR cross section at about 9 eV, whosstates in vertical transitions; see Fig. 1.
shape reflects the initial shape of the nuclear wave function With the relative populationg, (t) obtained from the fit
of the molecular iorf25,27. Accordingly, for vibrationally ~ functions representing the time evolution of the populations
excited molecules the cross section in this energy regiomeasured by CEI, as described in Sec. Il A 2, the values of
should change strongly. A second peak in the cross sectiomy,(E) were extracted using E¢20). The four coefficients
smaller by a factor of-2 and due to th€, states of HD* , ay(E) with v=0-3 were fitted to the measured time-
occurs near 16 eV for=0 ions; its shape is similarly gov- dependent functiom(t;E) for eachE at timest=80 ms. In
erned by that of the initial vibrational wave function but for this time range vibrational states>3 are already very
not-too-high vibrational excitation th@, states should influ- weakly populated and should yield a negligible contribution
ence the cross section only abovel2 eV. to the total DR rate. For the states-2 and 3, only the sum
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X 107° efficient is basically governed by that of thhe=0 popula-
17171 rTrTrTTrTTy tion_
10k (8) v=0 | The bending regions of the electron beam near the ends of

its strictly collinear overlap section with the ion beam yield
additional contributions to the measured recombination rates
at a given energy, stemming from recombination at higher
electron energies which are reached in the bending regions
[23]. In particular, the measured recombination rates on the
low-energy sides of peaks with widths of a few eV for our
geometry contain contributions from the bending regions of
~7% of the peak value, which, for example, could account
for the complete rate observed at 3—4 eV for relaxed ions
[t=440-450 ms, see Fig. (@]. If the DR rate coefficient
over a large range of higher electron energies is known, the
effect of the bending regions can be deconvoluted from the
data[23]; however, the necessary information is not avail-
able at all storage times, and hence such a deconvolution was
not applied for the present results. This slightly restricts the
extent to which a detailed comparison can be performed be-
tween the experimental results and the theoretical calcula-
tions. In particular, they=0 DR rate at 3—6 eV may in fact
be overestimated by the theory in spite of the detailed agree-
ment apparent from Fig. 18). Nevertheless, it is found that
the theory reproduces both the shift of the peak in the cross
NP IR U S NI D U NN section and the relative peak height for the various vibra-
3 4 5 6 7 8 9 1011 tional states rather well.

Rate Coefficient a(v) (cm7s)

Electron Energy (eV) V. DISCUSSION

FIG. 13. State-specific DR rate coefficients of H®) (experi-
mental results normalized to reproduce the peak of the calculated
rate coefficient fov=0) in the energy region of 3—-11 eV far At low electron energy E=0), and for the first five vi-
=0-3. Forv=2 and 3, only the sum of their rate coefficients is brational statey=0-4, the relative rate coefficients mea-
shown(see the te3t The solid lines are the results of MQDT cal- sured for the DR of HD(v) show a large variatiofsee Fig.
culations including competition with dissociative ionization. 11), and no specific trend can be observed. Such variations

over the differentv levels are probably due to the different
of the fitted coefficients is given, since the time evolutionsFranck-Condon factors between the initial vibrational wave

B . . . . +
p,(t) of both state populations are very similar to each othefunction and the dissociative wave function of the staie
as soon a$=50 ms and consequently a strong correlationthat is the dominant route of DR for these levels.
occurs betweeny,(E) and as(E). The results ofa,(E) state crosses all the vibrational levels of HDexcept forv
+ a(E) might contain systematic, energy-dependent errors 0, in _the oscillating region of their wave function. Since
due to this procedure, since the rafig(t)/ps(t) is not ex- the various Franck-Condon factors are expected to be very

actly constant for alk. Figures 18)—13c) present these sensitive to the exact location of the crossing, they can vary
results as a function of the electron ener@yAll results from one level to another by sometimes more than an order

) o ._.of magnitude. For example, the low experimental value ob-
contain a common unknown normalization constant which X .
erved forv=3 is reproduced by the calculations of Na-

was set to fit the theoretical rate coefficient by Schneider an ashimaet al. [18], who explicitly attribute their low result

Suzor at energles around 9 eV fer-0. T_he _theorenc_al '€ for this state to a very small Franck-Condon factor. The large
sults of these authors are shown by solid lines in Fig. 13. 55054 among the theoretical calculations might then origi-

The results shown in Figs. (@-13c) demonstrate that | 540 from the slightly differentS ; potential curves used in
the resonance structure, which for=0 peaks at-9 eV, IS gach of them. However, it is important to point out that also
shifted to lower energies for highervalues, with a peak at  ore complex effects might be involved, such as a variation
~6.7 eVforv=1and at~5 eV forthe summee¢=2 and  f the autoionization width with the internuclear distance
3 rate coefficients. The peak heights clearly increase with ajong the dissociativés,; potential curve. These effects can
In view of these state-specific results, one can reexamine thga clearly observed, for example, for the ratio of the rate
time evolutions of(t;E) presented in Figs. 1@-12c). At coefficients betweew=1 andv=0. While the measured
E=3.2 eV, the fast and steady decrease is due to deexcit@atio is 2(see Fig. 11 the ratio between the Franck-Condon
tion of the high vibrational states populated initially; Bt  factors is about 10. Thus, although a simple argument based
=6.9 eV, the small temporal maximum at 75 ms closelyon Franck-Condon factors may lead to a qualitative under-
follows the time evolution of the =1 population; finally, at  standing of the changes, it does not allow us to quantify the
E=9 eV the entire time evolution of the measured rate coratio of the rate coefficients directly.

A. Low-energy region
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For high vibrational excitationsv(>5), the overall trend B. High-energy region
that the rate coefficients increase relative to their values at The state-selective DR rate coefficients measured in the

lower v levels is explained by an opening of new and veryenergy regiofE=3-11 eV forv=0-3 were found to be in
efficient dissociation routes through th@; dissociative good agreement with theory. In this energy region, DR oc-
states lying above théEg state. This behavior is well re- curs mainly through the doubly excited, states of HD.
produced by the calculations of Schneider and Suy26t. Here, the direct DR mechanism controls the process, and the
The particularly low experimental value found fe=5 can  obtained rate coefficients depend directly on the Franck-
also, in principle, be explained by low Franck-Condon fac-Condon factors between the initial bound vibrational wave
tors with both the'S © state and the high&p, states, and the fun.ction.and .thga continuum wave functions in the various
failure of the theory to reproduce this low value might again@ctive dissociative curves of HD. Accordingly, the energy
be attributed to errors in the potential curves used by th&épendences of the DR cross secti¢msrate coefficients
calculations. However, the fact that the calculations byc@n Pe largely understood by considering the shapes of the
Schneider and Suzor could not reproduce the result eve¥fious ground-state or excited vibrational Fivave func-

when they were repeated with different sets of potentiaf'ons' It is interesting to note that also the relative strengths
curves seems to weaken this argumie] of the recombination rate coefficients foe=0-3 are well

: 9T . _reproduced by the theory. Note also that these calculations
An(_)ther F’OSS'*?'e explanation is that th_ese Calcu"'."t'.qnstake account of the dissociative ionization, a competitive
while in fact obtaining a correct cross section for the initial

lect h d also th ¢ factor d ibing (hRIOCess to DR at high enerd27]. Based on this overall
electron capturé and also the correct factor describing ood agreement, it seems that the high energy DR of D
stabilization against autoionization stort internuclear dis-

) X ) now well understood, except for the angular anisotropy,
tances, did not give a full account of the long-range internuyynich was discovered a few years a@?].

clear dynamics. According to the calculations, the dominant
dissociating curve fov=5 is the lowestQ, state above
'3, which has®I1y symmetry, while fov=0-4 the most
important state is thé | state itself. The’Il, curve dia- The DR of HD" in specific vibrational states has been
batically dissociates to the=2 asymptote of the H and D Measured using a technique based on probing the time-
fragments; thus, disregarding possible dynamics at large ir_pependent wpranonal population of a bgam qrculatmg in an
ternuclear distances, the whole dissociating flux would bdon storage ring by Coulomb explosion imagit@QEl). The
ending up via the3Hg state at this asymptote, still the only gdvantage of th|§ technique is that no_lr_ntlal state preparation
one energetically open for at least the Idvstates ofv=5. is needed and, in gen_e_ral, rate coeff|C|en_ts can _be extracted
The calculations were actually conducted under this assumger @l the states significantly populated in the ion source.
tion, due to insufficient knowledge of the electronic interac- 1€ HD" molecular ions used here cool in a relatively short
tions at large distances. However, considering the avoidegeriod of time; however, such rapid changes in population
crossings between thlég state and the Rydberg series, it is &€ convenient but not necessary, gind the bz_ism method can
highly probable that, during the dissociation, part of the flux2/SC Pe us+ed for molecular ions without a dipole moment,
will be redirected toward the still closet=3 asymptote, but SUch as H". The main disadvantage of the technique is its
then reflected back to short internuclear distances where h’;\ck of sensitivity for rotational excitation, and the fact that it
can be lost via autoionization. A strong transfer of flux to'€duires relatively high energy beams in order to perform
states correlating to the still clos@d=3 channel could thus clean CElI experiments. . .
explain the observed reduction of the recombination rate for State-Specific cross sections can be extracted in a similar

this particular vibrational level. Clearly, such a hypothesisV& for other processes on molecular ions, such as dissocia-

needs more theoretical calculations to be verified. tive excitation, photodissociation, or, for negative molecular
Forv=6 and 7, where the experimental results are reproions’ photodetachment or electron impact neutralization.

duced successfully, this explanation is not relevant as in
these cases the=3 asymptote is already open. For these
two states, it was indeed found that the3 asymptote is This work was funded in part by the German Federal
the dominant ondsee Fig. 10 an evidence supporting the Minister for Education, Science, Research and Technology
above arguments to explain the low rate coefficient measuredMBF) under Contract No. 06 HD 854 |, the EU/HCM pro-
for v=5. Yet, it can be claimed that the dynamics at largegram, by the German Israel Foundati@iF) under Contract
internuclear distances should be of high complexity and veryNo. 1-0452-200.07/95, and by the German Federal Minister
sensitive to the total energy of the system, thus varying fronof Education, Science, Research and Technol@)yIBF)

one vibrational level to another. More full-scale calculationswithin the framework of the German-Israeli Project Coopera-
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