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Resonant ion-pair formation from collisions of electrons with electronic and vibronic ground-state diatomic
molecular ions has been studied in the present work for HIdd OH". The cross section for HD has a
magnitude of the order of:810™*° cn? and is characterized by an energy threshold and 14 resolved peaks in
the energy range up to 16 eV. A theoretical study confirms that the structures derive primarily from quantum
interference of the multiple dissociation pathways. Measurements for ®¥eal that the cross section foi'H
and O formation is lower than 10?* cn? at energies of 6 and 12 eV.

PACS numbg(s): 34.80.Ht, 34.50.Gb, 31.56w

[. INTRODUCTION A letter describing the first experimental study of RIP in
the ion storage ring CRYRING was recently publisHé&dl
The capture of an electron by a molecular ion can bdn the present paper we describe the experiments ofi HD
stabilized by fast molecular dissociation, a process known aand OH" in more detail, and present new theoretical results
dissociative recombinatiofDR). In an ionized gas where the for HD" that we compare with the experimental results.
gas temperature is of the order of a few thousand degrees or
less, and the electron temperature is lower than a few eV, DR
is the dominating process leading to the removal of positive
and negative charges. If a molecular ion captures an electron The experiment was carried out with the storage ring
and dissociates into positively and negatively charged speERYRING at the Manne Siegbahn Laborat¢6} in Stock-
cies, the process is called resonant ion-gRiP) formation.  holm. The basic experimental setup for the measurement of

II. EXPERIMENT

It can be described as electron-molecular ion collisions has been described else-
where [7]. The ions were produced in a conventional
ABT+e —AB** A~ +B*+KER, (1)  electron-impact ion sourcéMINIS) and injected into the

ring, in the case of HD after pre-acceleration by a radio
where KER is the kinetic-energy release. Although the profrequency quadrupole accelerator to the injection energy of
cess proceeds through the same compound state as DR300 keV/amu. Final acceleration of the circulating ion beam
preserves the number of positive and negative chargeto the designed energy was done by a radio frequency driven
While extensive experimental and theoretical investigationglrift tube [8]. The stored ion beam was merged with the
have been carried out on DR,2], RIP has received limited electron cooler beam over a distance of 85 cm. Charged re-
attention[3]. Cross sections for the formation of the ion-pair action products formed in the interaction region were sepa-
H™+He" in electron collisions with the HeH molecule rated from the stored ion beam in the bending magnet fol-
have recently been calculated using propagation of wavewing the electron cooler section, and detected by a surface
packets on coupled potentidk]. In experimental studies of barrier detecto(SBD). High ion beam energy is usually fa-
ion-pair formation, a cross section into a well-definedvored because it suppresses beam losses by collisions with
asymptotic state is measured. It therefore should provide eesidual gas molecules, thus improving the signal to noise
sensitive study of doubly excited states and their decay dyratio and beam lifetime. However, an energetic particle may
namics, especially if experiments with ground state molecupenetrate the SBD, so that the full beam energy is not depos-
lar ions can be performed, and hence it will pose the bested in the detector, something which may affect the resolu-
challenge to theory. In RIP measurements using a storag@n. The beam energy of HDwas set to 3.5 MeV/amu for
ring and detection of negatively charged fragments, gooaptimization. The lifetime of the beam was7 s. For a
statistical precision and excellent energy resolution charadaeavy ion like OH, the ions were stored at the maximum
terize the results which should stand as a paradigm for thenergy, which is limited by the maximum magnetic field of
understanding of bond-breaking processes, including botthe bending magnets. The vacuum chamber of the dipole
dissociative recombination and resonant ion-pair formatior{(bending magnet has been modified so that a SBD can be
itself. inserted for detection of the negative fragments. The SBD
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FIG. 2. (a) The figure shows how the cathode voltage of the
electron cooler is scanned as a function of time during one injec-
tion. The time equal to zero represents the time when the injected
ions have reached full beam energy, 3.5 MeV/amu. The ion beam
is cooled by the electron beam when the velocity of the two beams
is matched. This corresponds to a cathode voltage of the electron

FIG. 1. The dipole chamber in CRYRING immediately follow-
ing the straight section containing the electron cooler. The trajecto.
ries of the HD" ion beam are shown together with the trajectories

thgt the neggtive lons follow. They ,COihCide with the lan beamcooler of about 1.98 keMb) The raw data measured as a function
trajectory until they enter the magnetic field of the dipole Magnet. ¢ time. The data were accumulated during 1854 complete injection

The H™ cannot reach the detector because of the geometric ”mitaéycles
tion. '

was mounted on a linear motion feed-through by which its(see Sec. lIB and the occurrence of beam heating. After

position can be adjusted, providing the possibility of detect—each injection of new ions, the cycle was repeated. The data

ing negative ions with different Q/M ratios. In this measure- '€ taken in 1854 complete cycles. The data recorded con-
ment, however, only the heavier negative fragments wer ained two complete RIP_s.pectraland each data set contained
detec,:ted The I’ighter H due to its larger Q/M ratio, was 000 channels. No significant difference was observed be-

blocked by the vacuum chamber and could not reach théween the two spectra measured' for pqsitive and negati\{e
detector, as can be seen in Fig. 1 relative velocities. The error associated with the data analysis

can thus be checked by comparison of the two spectra.
The number of ions stored in the ring has to be measured
A. Measurement of HD™ and OH™ in order to obtain absolute cross sections for RIP. It was
These measurements were performed by a “scan’determined from measurement of the ion beam current using
method, which is similar to that used in dielectronic recom-an inductive current integrator. Since the decay of ion beam
bination experiment§9], that is, the interaction energy was (during the data taking times non-negligible the beam cur-
controlled by varying the cathode voltage over a range thatent was sampled in the whole machine cycle simultaneously
covered interesting RIP resonances. As shown in Fig. 2, theith the measurement, providing an averaged current spec-
ion beam was first cooled for 3 seconds prior to the energyrum. The electron beam current was 96 mA for HD
scan, allowing vibrational relaxation of the molecular ions. The measurement of OHwas performed by means of a
After the HD™ had been translationally cooled by the elec-similar protocol as for HD, with the SBD positioned to
tron beam, the cathode voltage was changed to its maximuletect O'. The RIP threshold was expected to occur at 3.5
value and then scanned downwards, crossing the coolingV. Despite a careful search, no”Gons were detected.
voltage, to the minimum, and then jumped back to the cool-Thus, we can only give an upper limit to the cross section for
ing voltage again. The total time for a voltage scan was 4he production of O+H™.
seconds and the scan covered the energy region of approxi-
mately 0—16 eV in the center-of-magsm, frame twice, B. Data analysis
once with the electron velocity higher than the ion velocity,
and once with the electron velocity lower than the ion veloc-
ity. The RIP is energetically possible only when the incident At both edges of the electron cooler, toroidal magnetic
electron energy exceeds a threshold, which is estimated to Hields that are used to deflect the electron beam into and out
approximately 1.9 eMthe difference between the dissocia- of the interaction region add a transverse component to the
tion energy of the ground-state ion and the electron affinityguiding magnetic field. Since the electron beam follows the
of D). A fast change of the electron cooler cathode voltaganagnetic field, an angle thus exists between the electron and
was performed over the energy region of 0—1.2 eV in ordeion beams at each end of the interaction region. This results
to avoid a change in the beam velocity due to the drag forcén higher collision energies as compared with parallel beams

1. Toroidal correction
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in the cooler, hence these regions are usually excluded when The drag force can be written, nonrelativistically and
defining the interaction length. However, the contributionswithout inclusion of magnetic effects arising from the weak
from these parts must be taken into account, in particular irsolenoidal field that guides the electron beam| 1dg
a case like HD for which the cross section is zero below the
threshold of 1.9 e\f10]. 5 VeV
Figure 2 shows the raw HDdata recorded in this mea- F(t)=FqC f Lc(Ve'Vi)f(Ve)—VP
surement. The abrupt change of rate indicates the existence
of an energy threshold for the RIP process. Formation of iofnvhereF ,=47Q?n.r,m.c?, andQ is the ion charger, is the
pair is energetically forbidden below it. Since the mO|eCU|arc|assica| electron radiuﬂe is the electron densitwi is the
ions were vibrationally relaxed, the rates below the thresholdiverage ion velocityy, is the electron velocityf(v,) is a
revealed in the data are thus solely from the edges of th@attened Maxwellian velocity distributiofil2] of the elec-
cooler where the energies exceed the threshold. The raigon beam, andl . is the so called Coulomb logarithm for the
from charge transfer in collision with residual gas moleculesgn-electron collisionga dimensionless parameter on the or-
is expected to be negligibly small due to its low cross sectioryer of 10.
at high collision energy. Affected by the drag force, the ion velocity tends to vary
The count rateRy,(Ey) recorded at the detuning energy, during a scan of the electron energy in a measurement. This
Eq (.., the relative energy between ions and elecioren  effect becomes important for higher charge states, light ions,
be written as and, most importantly, when the velocity difference is small.
The variation of the ion energy due to the drag force can
@ be modeled, via the corresponding velocity, by the differen-
’ tial equation

dsve, (4)

|Ve i

Rm(Eqg) =Sinine

a(Ed)/~l—f a[E(Eq,x)]dx

where S, is the overlap area of the two beams,is the i ;F (1) (5)
interaction length, and; andn, are ion density and electron dt - ML, =

density, respectively. The interaction enefg¢E,,x), as a , . ) o

function of detuningE, at distancex, is calculated by using WhereMi is the ion massk,(t) is the longitudinal compo-

a model based on the knowledge of the toroidal field in thd'ent of the drag force(” is length of the interaction region,
region. The intergal that represents the toroidal effect is cal@"dL is the circumference of the ring. The ratdL, rep-
culated for the region where two beams merge with an ang|er_esents the fraction of time over which the force is applied as

The rate coefficient at Ey can thus be expressed as the ions circulate in the ringy is a free parameter that com-
pensates for the errors from the uncertainties in beam tem-

peratures and the interaction length.
a(Eq)= a’m(Ed)_Z//j a[ E(Eq,x)]dX (3) Solving Eq.(5) numerically yields the real ion energy at
each scan point. The correct interaction energy can thus be
) derived[13].
where the factor 2 accounts for both sides of the cooler. In this experiment, however, the correction for the drag
The correction for the toroidal effect is done by solving force effect was performed without solving the differential
the equation |terat|vely_. The measgred _coefﬂaent spectrurgq_ (5). The following approach was used instead. The drag
ap(E) is used as the first-order estimation®fE) for cal-  force decreases rapidly with increasing relative velocity. As
culation of the integration. o , a result, its effect on the ion beam energy is important only at
In order to make the toroidal correction, it is crucial to o,y interaction energies, say, less than 1 eV, and becomes
model the magnetic field properly and derive the energy as gegjigible at higher interaction energies. In other words, the
function of position in thls_ reglon._We assume that_ electro_ns,On energy changes due to the drag force only at the energy
moved along the magnetic field lines so that _the Interactiotagion below 1 eV and is constant above that. Because of the
energy,E(Eq,x), can be calculated from the ion beam en-energy threshold of the RIP process being about 1.9 eV for
ergy, the detuning enerdy, and the angle between the two p+ “the jon energy at the interaction energy range related
beams at a certain place to RIP can be regarded as constant. The effect of the drag

The existence of an energy threshold in RIP for HD force on the ion energy can be regarded as causing a shift of

provides a check of the approach used for the toroidal corge jon beam energy from its value at cooling.
rection. We varied the boundary position in our magnetic
field model until the rate coefficient derived from the equa- Il EXPERIMENTAL RESULTS
tion became zero below the threshold. '
A. Results from measurement on HO'

2. Drag force The measured absolute cross section for [roduction

When the average electron and ion velocities differ, thefrom the RIP of HD is shown in Fig. 3. The data were
interaction between them tends to reduce the difference. Theorrected according to the procedures described in the previ-
net effect is a drag force acting on the ions, accelerating theraus section and were essentially identical whether electrons
towards the electron velocity in the case where the electronsere slower or faster than the ions. Thus, the data have been
initially move faster than the ions. combined, during several separate runs. The cross section
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FIG. 3. The experimental cross section for Hbe —H™"
+D~ as a function of electron energy. The vertical dotted line

. o ; g

shows the dissociation energy of the Himolecule. Peaks situated as a dotted line. Since we start with the molecular ions in the vi-

above this line cannot be _explamed by |n_d|r_ect resonant capture IntBrational ground state=0, the energy scale is relative to this level.
the Rydberg state potentials below the ionic ground state.

FIG. 5. Some of the relevant diabatic potentials of the'Hihd
HD molecules. The ground state of the Hiibn, X 23} is shown

The most important dissociative state of the HD molecule is the
lEg(Zpau)z, which correlates with the ion-pair channel at infinity.
rises sharply at 1.92 eVhalf-rise position, which is very  This diabatic state crosses the neuﬂrﬁg Rydberg states located
close to the expected position at 1.913 eV. Figure 4 showBelow the ionic ground state. Nondiabatic transitions occur, the
the energetics. The region between the threshold for ion-palfost important of which are from the ion-pair state into the Ryd-
formation and the dissociation energy of HRt 2.667 eV is  Perd states dissociating into thertt2)+ D and Hn=3)+D lim-
labeledA ;. The first five peaks in the RIP cross section occur™ '.A‘nOther Important pathvxay in the energy range.from 5eviol0
in this energy interval with spacings of the order of 0.2 eV eV is the doubly-excited'X (2po,2so) state, which is shown
o . . L A “diabatically out toR~5 a.u. and then adiabatically to lar&e
This is close to the vibrational spacing in HiDand initially
led us to believe that the peak structure derived from vibra-
tional excitation and resonant capture into high vibrational . o
levels of bound Rydberg states of HD, which converge to the The absence of production of ‘Oions when OH was
ground ionic state. However, this attempt to explain peak&!Sed as a target ion makes it possible only to determine an
1-5 breaks down for peaks 614, and an alternative eXp|a{4pper I|m|t.for the cross gectlon. Thus, at 6 eVand 12 eV the
nation was suggested in RéE]. We develop a more quan- cro_szs1 section for formation of Hand O is smaller than
titative description in Sec. IV below. The peak magnitude of10 cn,
the cross section isx81071° cn?, and this is only a few

B. Results from measurement on OH

percent of the total DR cross section (20 cn?). IV. THEORETICAL TREATMENT OF HD ¥
In the measured cross section for ion-pair formation in
Energy (eV) electronic recombination with .HD 14 WeII—resolyed peaks
A H*+D are observed. In DR, peaks in the cross section are some-
A H* +D- times observed, and they are often explained by capture into
21 — vibrationally excited Rydberg states that subsequently pre-

dissociate into neutral fragmentthis is usually called the
indirect procesg14]). However, as mentioned above, this

H(n) + D(1s) process is not possible for electron collision energies above
or HD* X 25} (v=0) the dissociation limit of the molecular ion. The dissociation
N ————n=2 energy of HD is 2.667 eV. Five of the peaks observed in
the measured cross section are situated below this threshold
a2k and the remaining peaks are above this limit. The peaks that

are above the dissociation limit cannot be explained by the
indirect process. A Franck-Condon analysis shopgdhat
these peaks cannot be entirely explained by capture into
higher excited neutral dissociative states. The peaks must be
FIG. 4. Energy-level diagram for HD and HD with the zero expl_alned by another type of mechanism. . . .
chosen to coincide with the energy of HDX 25 (v=0). The Figure 5 shows some of the relevant diabatic potential
9 .
ion-pair limit is located just above H¢4)+D(1s). The energy ~ Curves of thze "llj and HD molecule$15]. The ground state
region labeledA; is located between the ion-pair limit and the potentialX Eg of the molecular ion is included in the fig-
dissociation limit of HD". ure as a dotted line. The lowest neutﬂdg dissociative

-10.93 eV

H(1s) + D(1s)

042707-4



RESONANT ION-PAIR FORMATION IN ELECTRON . .. PHYSICAL REVIEW A2 042707

state of HD is shown in the figure. At small internuclear lowest 12; dissociative state than are thesg@@,ndogy) Ry-
separations this state is dominated by the configuratiodberg states, at least in the rarlge3—4 a.u.

(2po)?. Diabatically, the state correlates with the ion-pair At large R, we adopt the coupling matrix elements of
limit, H*+D~, at infinity. Below the ionic ground state Sidis et al. [19]. A number of potential energy curves are
there are series of Rydberg state potentials. The most impocorrelated with the asymptotic limit k{+ D(1s). If fine
tant [16] are the 'S (1soqnso,) and the 'S (1so4(n  structure can be ignored, then tle potential curves, for
+1)do,) Rydberg states, approaching thetB(n) limit instance, possess arfold degeneracy @R—o. The poten-
asymptotically. tial energy curve of th& ion-pair state crosses thesgo-

In a diabatic representation, th€ (2po,)? ion-pair  tential curves at a very large distancB,E 11.2 a, for n
state crosses many of these Rydberg state potentials twice,2 andR,=35.6 a, for n=3), where the hydrogenic po-
both at small and large internuclear separations. These atential curves are almost degenerate. Lel#@] has shown
the Rydberg states associated with thaH@)+D(1s) and that only one linear combination of thedegenerate states
H(n=3)+D(1s) limits. Since the states are of the samecouples to the ion-pair state. We have carried out a series of
symmetry, they will be coupled by the electronic part of thecalculations to estimate the couplings between these states.
Hamiltonian (diabatic coupling The ion-pair state crosses These calculations of the adiabaﬂiEg excited state poten-
the potentials going to the E4)+D(1s) limit at very  tial energy curves indicate that $&,3dog) and
large internuclear separatiorR{230 ay). The electronic  (1so,3soy) are the approximate designations of the coupled
coupling between the states at this large internuclear separatates that correlate respectively with then{2)+D and
tion can be neglected. These couplings will induce differenH(n=3)+D limits. Details of these calculations will be
pathways to the ion-pair limit. The dissociating wave canpublished elsewherg1].
either diabatically follow the dissociativEJ(2pau)2 state The quantum interference effects are primarily controlled
to the ion-pair limit, or it can make a transition to one of the by the energy-dependent phases accumulated along the dif-
Rydberg state potentials, propagate along the Rydberg poteferent pathways. The semiclassical phase in the WKB ap-
tial until it reaches the second curve crossing and there makgroximation is given by
a transition back to the ion-pair state. It will be shown here o o
that the quantum interference between the competing path- . _ [ "final - _ [ final J2(E—Vi(R))
ways is the dominant mechanism for producing the peaks ¢i(E) fRE kj(R)dR fRE 2u(E=Vj(RDAR
observed in the measured ion-pair cross section. (7)

In the present calculation, six states have been included. _ _ ) _
These are the lowest resonajrﬁg(chru)z state, the two HereRg is the a_ppropnate Condon pom.t,.r)amely_ thg inter-
Rydberg state$(1lso42soy) and (Iso,3dog)] associated _nuclear separation QIstance Whgre the initial excitation step
with the H(n=2)+D(1s) limit, and the lowest Rydberg N @ Born-Oppgnhemer approximation equals th(_a collision
state (5o,3s0,) associated with the Hi=3)+D(1s) ene_rgyE._ Autoionization fro_m _the_resonant state is treated
limit. For electron collision energies above approximately 6PY including half of the autoionization widti(R) as a com-
eV, the doubly—excitedlzg(Zpau)z state cannot by itself plex term of the potential for internuclear distances smaller

describe the dissociation dynamics adequately. Higher ex@n the crossing point of the dissociative HD potential

cited neutral repulsive states become important. Included iffUrves and the ionic 9“’“”‘?‘ state potentlal.. The dissociation
the calculation are the lowest. (2pc,2s0,) resonant amplitudes A;(E), for the different pathway$ are reduced

+ somewhat by the loss of flux into the infinite number of
state[17] and the secondEg state, (po,3poy) [15] Rydberg states whose dissociation limits lie energetically

The transition amplitudes at each individual crossing are

. . above the ion-pair threshold. In the “projection approxima-
treated using the Landau-Zener mod#B]. According to tion” the initial capture probabilityP ., is estimated using

:irgssgfsse:'stgﬁlep?g;b'“ty of a transition between two Ollabal'a' dglta function for the nuclegr wave functi'on. of t_he disso-
ciative state[22]. The probability of dissociating into the
channel H +D~ is assumed to equal the probability of dis-
(6) sociation into H +D™. Since only the D fragments were
detected in the experiment, this probability must be esti-
mated. The total amplitude for dissociation into the ion-pair
wherec;; is the electronic coupling matrix element betweenstate is a coherent sum of the amplitudes for the competing
states andj. The absolute slope difference between the po4indistinguishable pathways and the cross section for ion-pair
tentials is denoted, while v is the relative velocity of the formation becomes
fragments; all these quantities are evaluated at the curve 03 5
crossing point and are in atomic units. _ 4T .
For each curve crossing at small R, we approximate the 7ip(B)= g Peaf B) 2,: AlBlexdie(B)] . ()
electronic coupling matrix element connecting any given di-
abatic potential curve to the dissociative state by one-half of The cross section that results from this calculation is
the closest energy separation between the two relediat ~ shown in Fig. 6. In the calculation, the contribution from the
batic potentials. Our calculations suggest that thelowest!'S | state is included incoherently, because it derives
(1soynsoy) Rydberg states are coupled more strongly to thealmost exclusively from the=1 partial wave of the incident

27TCiJ

P”(E):l_ex%_
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FIG. 6. Cross section for D formation in electron collisions FIG. 7. The solid curve is the cross section for Ebormation in
with HD*(v=0), calculated using a time-independent Landau-electron collisions with HD (v = 0), calculated using an incoherent
Zener-Stekelberg model. The transition probabilities at the curvesum of fluxes going to the ion-pair limit. Since the interference
crossings are estimated using the Landau-Zener formula. Here theffects from the competing dissociation paths are not treated, no
quantum interference between the different dissociation pathways iseaks are obtained in the calculated cross section. For comparison,
included. As the figure indicates, the incoherent contribution fromthe measured experimental cross section is included in the figure as
the lowest!S, (2poy2s0y) state is important for energies above 5 the dotted curve.
eV. The dotted curve represents the measured cross section, as
shown in Fig. 3. =2) limit, a fraction of the dissociating flux will be redi-
rected to this limit by adiabatically following any of the
electron and thus leads to a distinguishable final ion-paiB2II, 421, and 11 stateq25], which have been calculated
state with nonzero angular momentum and odd total paritytheoretically by Van Dishoek and Dalgarfi@6]. This redi-
The secondlﬁg+ resonant state correlates diabatically with rection appears to occur over only a limited interval of elec-
H(n=3)+D and crosses the ion-pair state aroull tron energies, from threshold at 1.64 to about 2.5 eV. Thus,
=35.6 a,. In the present calculation it is assumed to be oneat 3.5 eV, which is the threshold for ion-pair formation, there
of the inactive states, not strongly coupled to the ion-paitis no flux redirected through the’B, 4°I1, and Z1I states,
state. and it seems very unlikely that the outgoing flux somehow
The peaks obtained in the calculated cross section in Figshould reach théll state dissociating to O+ H". When the
6 originate from the interference effects from the indistin-electron energy is increased significantly above the threshold
guishable competing dissociation paths. If the cross sectiofor ion-pair formation, it is not inconceivable that tH& *
is calculated instead bipcoherentlyadding the flux contri- and 2I1 states correlating with the ion-pair limit could be

butions that lead to the ion-pair dissociation, favorably located for an electron capture process from the
OH™ ground state. In the absence of any theoretical calcula-
2 . ) tions of these states, however, this statement remains a
ip(E) = ?Pcap(E)zj: [Ai(B)exdiei(B)]I>, (9 speculation, which the experimental results do not corrobo-
rate.

no peaks are observed, as can be seen in Fig. 7. However, i
exhibits reasonably good agreement with the measured cros
section in its overall magnitude and shape. O~(*P) + H*

t
Energy (eV)

16.57
22+’ 20T
V. DISCUSSION
. . " 14,59
The absence of an Osignal when OH is used as target
ion makes it impossible to determine a cross section for ion-| 13017 So—sr 3711, 4711, 5211
pair formation. It is only possible to infer that cross section is T
smaller than 102! cn? at electron energies 6 and 12 eV. It
is difficult to establish why there is an absence of a signal, oD +HM=1) ¢ 56
but some qualitative arguments can be put forward. Figure €& 439
shows an energy-level diagram for OH and OHnd some OCP)+H@m=1) ’
of the atomic limits. It is well known that dissociative recom-
bination of OH" occurs primarily through the 21 state of 0.0
OH [23,24. This state correlates with the &)+ H(n
=1) limit, as can be seen in Fig. 8. It was shown that when FIG. 8. Energy-level diagram for OH and GHThe zero-point
the electron energy is sufficient to open the*B)(+H(n energy is defined as O 2II(v=0).

OH X 21 (v = 0)
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The only previous measurement of electron collision-magnitude. It should be pointed out, however, that the chan-
induced ion-pair formation in a diatomic system was an in-nel couplings used in existing diabatic Hamiltonians for HD
clined beams experiment with;H27]. A meaningful com- had to be adjusted somewhat, in order to achieve this modest
parison with the present work is not possible singe ins ~ level of agreement with experiment. This is presumably be-
populating all 19 vibrational levels were usg27]. Neither ~ Cause previous experiments and potential curve calculations
an interference pattern nor an energy threshold was oghat were incorporated into the determination of these diaba-
served, and the RIP cross section was more than an order Bf Hamiltonians simply had insufficient information to iden-
magnitude larger than measured for HR =0) in the fufy a unigue set of coupllngs.. Thg great sensitivity of the
present work. lon-pair formation induced by photoabsorptiorintérference pattern observed in this RIP experiment should
of HD has also been studi¢@8]. The relative photo-induced Ultimately help to determine an improved diabatic Hamil-
cross section was measured from threshold at 714 A over ®@nian which has far less nonuniqueness. These issues will
photon energy range of about 0.4 eV. The ratio offB~  be discussed in greater detail elsewhere. _
was found to about 2 just above threshold. The ratio de- A number of possibilities might be responsible for the
creased with increasing photon energy, but this was at lea§gSidual discrepancies between theory and experiment. For
partly ascribed to the decreasing detection efficiency of H 9N€ thing, we use a relatively simple model for 'Fhe dissocia-
[28]. This aspect of RIP could not be tested in the presenton dynagmcs. For instance, the present study includes only
work, unfortunately, because of the inaccessibility of H States of "> symmetry, since this is the symmetry of the
(see Fig. 1 Our theoretical model assumed that both thelon-pair state at smaR. However, when the spin-orbit cou-
gerade and ungerade pathways produced ahd D~ in pling at Iarge separations is cons@ered, _state%?ohndﬂl
equal amounts. symmetries might also plgy a rqu in the ion-pair formation.

Recently, a study of ion-pair formation in VUV photo- As another example', while we incorporate the loss of flux
absorption experiments of Hand Dy, has shown peaks in from the doubly-excited s_tates into high Ryd_b_erg states in
the measured cross sectifi29]. The structure in the cross OUr model, we have not included the possibility that some
section has also been interpreted by this group as evidence Bfction of that flux could be redirected back to the ion-pair
quantum interference effects in the dissociation dynamics. State through various pathways. This type of redirection is

A time-independent Landau-Zener-Bkelberg calcula- included in the calculations only for_ the lowest Rydberg
tion, which in contrast to the Landau-Zener model also in-States, withn<4. In summary, the simple Landau-Zener-
cludes the phase, confirms that the peaks observed in thftckelberg model implemented in this paper has shown
measured cross section of ion-pair formation in Hbrigi- ~ conclusively that the observed peaks in the measured D
nate from the interference of different pathways leading toX!P Cross section are caused by a quantum mechanical inter-
the ion-pair limit. The resulting energy-dependent phaseference. Nevertheless, an improved quantitative description
produce maxima and minima in the cross section when th&f resonant ion-pair formation in e-HDcollisions remains
product amplitudes are added coherently. The calculatioR" important goal for future studies.
shows that the dominant interfering pathways are the disso-
ciative 'S, (2po,)? state and the B state that ap-
proaches the H{(=3)+D(1ls) limit asymptotically. The The authors would like to thank the staff of the Manne
shape and magnitude of the calculated energy-dependeSiegbahn Laboratory for their assistance in this experiment.
cross section are both extremely sensitive to the details of th&/e are also grateful to loan Schneider, Annick Suzor-
electronic coupling matrix elements between these diabatigVeiner and Xavier Urbain for fruitful discussions. This work
potential curves. The Landau-Zener model has limited appliwas supported by the Swedish Foundation for International
cability to the present situation, since it is a model only for aCooperation in Research and Higher Educat®hINT), the
curve crossing between two isolated states. In fact, both th&oran Gustafsson Foundation, and the Swedish Natural Sci-
smallR and largeR crossings in this system involve mul- ence Research Council. G.D. and N.D. were supported in
tiple potential curves, and these curve crossings are not supart by the US Department of Energy, Fusion Energy Branch
ficiently well separated to invoke the two-state model accuunder Contract No. DE-A102-95ER54294. The work of
rately. C.H.G. has been supported in part by the Department of

Despite the limitations of Landau-Zener-8kelberg-type  Energy, Office of Basic Energy Sciences. A.E.O. was sup-
models, reasonably good agreement has been obtained hmsrted by the National Science Foundation, Grant No. PHY-
tween our model calculations and the measured ion-pair for97-22136 and some work was performed under the auspices
mation cross section caused by an electron collision wittof the U.S. Department of Energy by University of Califor-
HD™. This agreement is fairly good in the positions of the nia Lawrence Livermore National Laboratory under Contract
interference maxima and also in the overall cross sectioMNo. W-7405-Eng-48.

ACKNOWLEDGMENTS

[1] M. Larsson, Annu. Rev. Phys. Ched8, 151 (1997. (World Scientific, Singapore, 2000p. 693.
[2] M. Larsson,Dissociative Electron-lon Recombination Studies [3] G. H. Dunn and N. Duficin Novel Aspects of Electron-
Using lon SynchrotronsAdv. Ser. Phys. Chem. Vol. 10: Molecule Scatteringedited by K. BeckerWorld Scientific,

Photoionization and Photodetachment, edited by C. -Y. Ng Singapore, 1993 p. 241.

042707-7



A. LARSON et al. PHYSICAL REVIEW A 62 042707

[4] A. Larson and A. E. Orel, Phys. Rev. 39, 3601(1999. [15] I. F. Schneider, O. Dulieu, and A. Giusti-Suzor, J. Phy28B
[5] W. Zong, G. H. Dunn, N. DuficM. Larsson, C. H. Greene, A. L289 (1991).
Al-Khalili, A. Neau, A. M. Derkatch, L. Vikor, W. Shi, A. Le [16] A. Giusti-Suzor, J. N. Bardsley, and C. Derkits, Phys. Rev. A
Padellec, S. Rose H. Danared, and M. af Ugglas, Phys. Rev. 28, 682(1983.

Lett. 83, 951 (1999. [17] C. H. Greene and B. Yoo, J. Phys. Che®8, 1711(1995.
[6] K. Abrahamssoret al, Nucl. Instrum. Methods Phys. Res. B [18] C. Zener, Proc. R. Soc. London, Ser.187, 696 (1932.

79, 269(1993. [19] V. Sidis, C. Kubach, and D. Fussen, Phys. Rev2A 2431
[7] C. Stfanholm, J. Semaniak, S. RoseH. Danared, S. Datz, W. (1983.

van der Zande, and M. Larsson, Phys. Re\54A3086(1996. [20] J. T. Lewis, Proc. Phys. Soc., London, Seci6& 632(1955.

[8] K. Abrahamsson, G. Andler, and C. B. Bigham, Nucl. Instrum. [21] A. E. O'rel and A. Larsoriunpublishedl
Methods Phys. Res. B, 475(1988. [22] T. F. O'Malley, Phys. Rev150, 14 (1966.

[9] D. R. DeWitt, R. Schuch, T. Quinteros, H. Gao, W. Zong, H. [23] S. L. Clsuberman,.J. Chem. Phyk02, 1699 (1993. .
Danared, M. Pajek, and N. R. Badnell, Phys. Res0A1257 [24] Z. Amitay, D. Zajfman, P. Forck, T. Heupel, M. Grieser, D.

Habs, R. Repnow, D. Schwalm, A. Wolf, and S. L. Guberman,
(1994 _ Phys. Rev. A53, R644(1996.

[10] A. Lampert, A. V\_IOIf’ D. Habs, J. Kenntner, G. Kilgus, D. [25] C. Stranholm, H. Danared, A. Larson, M. Larsson, C. Marian,
Schwalm, M. S. Pindzola, and N. R. Badnell, Phys. Red3A S. Rosa, B. Schimmelpfenning, I. F. Schneider, J. Semaniak,
1413(1996. A. Suzor-Weiner, U. Wahlgren, and W. J. van der Zande, J.

[11] D. R. DeWitt, R. Schuch, W. Zong, H. Gao, S. Asp, C. Bied- Phys. B30, 4919(1997).

ermann, M. H. Chen, and N. R. Badnell, Phys. Rev53  [26] E. Van Dishoek and A. Dalgarno, J. Chem. Phys, 873

2327(1994. (1983.
[12] H. Danared, Phys. Sci59, 121(1995. [27] B. Peart and K. T. Dolder, J. Phys.® 1570(1975.
[13] D. R. DeWitt, R. Schuch, W. Zong, S. Asp, H. Gao, C. Bied- [28] W. A. Chupka, P. M. Dehmer, and W. T. Jivery, J. Chem.
ermann, L. Liljeby, E. Beebe, and A. Pikin, Phys. SET1, 96 Phys.63, 3929(1975.
(1997. [29] A. M. Sands, R. A. Mackie, R. Browning, K. F. Dunn, and C.
[14] J. N. Bardley, J. Phys. B, 365(1968. J. Latimer(unpublished

042707-8



