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Rate coefficients and absolute cross sections for center-of-mass energies between 0.0001 and 1 eV are
reported for both resonant ion-pair formation and dissociative recombination in electron collisions with HF1

ions. The heavy-ion storage ring CRYRING in Stockholm was used for these measurements. Notable is the fact
that the dissociative recombination cross section is substantially smaller than that for most diatomic molecular
ions. The recombination seems to have an underlyingE21 energy dependence characteristic of thedirect
process in dissociative recombination, but both cross sections show structure, which may be attributed to
contributions from differentindirect processes. The cross sections have no observable energy thresholds. The
ratio of the cross section for resonant ion-pair formation to that for dissociative recombination is about 0.25 at
1023 eV, with the ratio depending on the interaction energy, so the competition of the ion-pair process is much
stronger than for other ions so far studied. The HF1 ion is unique in the fact that the electron affinity of F, the
binding energy of HF1, and energy of the atom pair@H(n52)1F(2P3/2)# are the same within the rotational-
energy spread of the HF1 target. The resonant ion-pair formation process,e1HF1→H11F2, has some
similarities to the photon process,hn1HF→H11F2, and we discuss comparisons. We deduce thermal rate
coefficients from our measurements and discuss them in the context of rate coefficients for other diatomic ions
available in the literature.

DOI: 10.1103/PhysRevA.64.022713 PACS number~s!: 34.80.Gs, 34.80.Ht, 34.80.Kw, 34.80.Lx
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I. INTRODUCTION

A. General

In this paper, we discuss the experimental study of t
dissociative processes resulting from electron impact on
brationally relaxed HF1 ions. We consider processes where
an electron is resonantly captured by the ion, losing its
netic energy to either electronic or vibrational excitation
the resulting neutral molecule. Dissociation of the compou
state can occur rapidly and compete favorably with reioni
tion ~autoionization!, and depending on what dissociativ
channels are followed, one may end up with neutral fr
ments @dissociative recombination~DR!# or ion-pair frag-
ments @resonant ion-pair formation~RIP!# with the excess
energy appearing as kinetic energy of the fragments in e
case. A review paper on the dissociative recombination p
cess with ion-storage rings was recently published@1#.

For HF1 targets the process resulting from electronic e
citation and capture~often referred to as thedirect process!
may be represented as
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e1HF1~y50!→HF** →H1F1EDR
kin , ~1a!

e1HF1~y50!→HF** →H11F21ERIP
kin , ~1b!

whereEkin is the kinetic-energy release. Not shown in E
~1! are possible internal excitation of the fragments and
existence of another RIP channel, H21F1, which is not ob-
served due to apparatus constraints. The process resu
from vibrational excitation and capture~often referred to as
the indirect process! can be represented as

e1HF1~y50!→HFnv
Ryd→HF** →H1F1EDR

kin , ~2a!

e1HF1~y50!→HFnv
Ryd→HF** →H11F21ERIP

kin .
~2b!

Here the electron is resonantly captured into a neu
Rydberg state HFnv

Ryd that converges to a bound ionic sta
that subsequently predissociates through the dissocia
state, HF** . In each case, DR and RIP involve stabilizatio
of the same compound state HF** , and one may expec
some similarities between these two cross sections.

In fact, the indirect process may also take place by
combination ofboth electronicand vibrational excitation as
the electron is captured. Typically, when this is the case,
©2001 The American Physical Society13-1
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is referring to a ‘‘core-excited’’ state of the molecular io
This has been invoked to describe DR and some obse
structure for a number of ions@2–5#.

DR is a key collision process in the physics of plasm
where molecular ions are present. It can alter the state
ionization of the medium and lead to the formation of pro
ucts that are physically and chemically different from t
primary plasma constituents. Studies of dissociative co
sions of electrons with molecular ions have been domina
for decades by the examination of DR@1,6#.

On the other hand, much less attention has been pa
the RIP process@7#. Only a few molecular ions have bee
previously studied: experimentally H2

1 @8# and H3
1 @9,10#,

and theoretically H2
1 @11# and HeH1 @12#. A recent paper

@13# described the experimental study of RIP for cold
atomic molecular ions and reported partial results for HD1,
OH1, and HF1. A subsequent paper@14# described the re-
sults for HD1 and OH1 in more detail and presented som
theoretical calculations for HD1. This paper discusses th
experiment and results for HF1 in more detail.

The importance of studying DR and RIP for HF1 is based
partly in some unique physics characteristic of this molecu
and this will be discussed later. It is also founded in t
abundant occurrence of HF in nature and in industry.
example, HF has been discovered to be present in var
interstellar clouds along with some 118 other molecules@15#.
The modeling of the clouds’ compositions involves know
edge of the reactions we study here. The molecule has
been found@16# in planetary atmospheres as well. Industr
production of HF has increased remarkably in recent ye
@17# due to its use in the continually developing electron
and photochemical industries. The behavior of the ion
etching plasmas is of serious interest to the electronics in
try @18#, and chemical lasers involving HF are of renew
interest@19# in defense issues.

As noted above, we briefly reported DR and RIP resu
for HF1 @13#; but other than this, neither experimental r
sults nor theoretical calculations have so far been carried
for DR or RIP of HF1. Thus, we present here the first me
surements of the rate coefficients and deduced cross sec
for this member of the hydrogen-halide family.

B. The molecular system

The electronic states of HF1 are illustrated in Fig. 1~a!.
Two potential-energy curves for HF1, the groundX 2P and
the excitedA 2S1 state@20#, are effectively isolated from the
manifold of other states in the HF1 molecule@not shown in
Fig. 1~a!# that are almost 4 eV above. The two lowest sta
of HF1, X 2P3/2,1/2 and A 2S1, both correlate to the com
mon asymptotic limit H11F(2P), a fact that makes HF1

unique among the halogen-halide series, as well as am
many diatomic molecules. This is due to the much hig
ionization potential@21# of the F atom~17.423 eV! compared
to that of the H atom~13.598 eV!. TheA 2S1 state is found
to correlate to the H11F(2P1/2) limit, whereas both spin-
orbit components of theX 2P-state correlate to the H1

1F(2P3/2) limit that lies 50 meV lower in energy. The spin
orbit splitting of the groundX 2P3/2,1/2state is on the order o
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30 meV. The potential-energy curve for theV 1S1 ion-pair
state with H11F2 dissociation limit is especially importan
for both the DR and RIP processes. Unfortunately, there
discrepancies in the literature concerning the potent
energy curves for theV 1S1 state, and two possible
potential-energy curves@22,23# for this state are included in
Fig. 1~a!. Potential-energy curves for the first Rydberg sta
the 3ss state, converging to theA 2S1 state, with H(n
52)1F(2P1/2) dissociation limit is taken from Yenchaet al.
@23# and is included in Fig. 1~a!. Only one approximate
curve that converges to theX 2P ground-ion state is shown

FIG. 1. ~a! Potential-energy curves of the relevant HF1 states.
Bold lines: the groundX 2P and the first excitedA 2S1 state, taken
from Ref.@20#. Two possible potential-energy curves for theV 1S1

state (B and Y, both drawn as dot-dashed lines! are included
@22,23#. Potential-energy curve of the core excited 3ss Rydberg
state converging to theA 2S1 is drawn as a dotted line and is take
from Ref. @20#. The Rydberg state (n57, also drawn as a dotted
line! converging to the groundX 2P ionic state is calculated by
subtracting 13.6/n2 from the curve of theX 2P state. The Frank-
Condon region for excitation from the ground state of HF is sho
by the double vertical lines.~b! Expanded view showing the esse
tial coincidence in energy of~1! the ground state of HF1, ~2! the
asymptotic limit giving H(n52)1F(2P3/2), and~3! the asymptotic
limit giving H11F2, i.e., the ion pair. TheX 2P1/2 state ~not
shown! lies about 30 meV above theX 2P3/2 level.
3-2
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and that is one that asymptotically gives hydrogen in then
57 level. Note that Fig. 1~a! does not present the separat
spin-orbit components of theX 2P3/2,1/2ground state; though
not shown, the presence of both components of the Rydb
series that lie just below the HF1ground state certainly will
affect theindirect dissociation process.

Figure 1~b! illustrates in more detail the essential coinc
dence in energy of~1! the ground state of HF1, ~2! the
asymptotic limit giving H(n52)1F(2P3/2), and ~3! the
asymptotic limit giving H11F2, i.e., the ion pair. As pointed
out earlier, this coincidence of energies is also a unique qu
ity of the system under study.

II. EXPERIMENTAL METHOD

A. Overview

In these studies we used a combination of the well-know
merged-beams and ion-storage-ring technologies imp
mented at the heavy-ion storage ring CRYRING in Stoc
holm. Schematic representations are shown in Figs. 2~a! and
2~b!. More complete discussions of the experimental meth
may be found elsewhere@24#. We limit ourselves here to
specifics of this experiment.

FIG. 2. ~a! The CRYRING facilities in Stockholm, and~b! view
of the CRYRING dipole magnet chamber with surface barrier d
tectors for negative ions (SBDA inside the dipole chamber! and for
neutral fragments (SBDB in the zero arm!.
02271
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With reference to Fig. 2~a!, ions are produced in a hot
filament discharge source~MINIS! containing a mixture of
CF4 and H2 gases. After extraction from the source, the io
are mass selected, accelerated, and injected into the sto
ring. In the ring the HF1 ions are further accelerated toEi
54.8 MeV. A typical circulating current of HF1 in our ex-
periment was 130 nA. As the ions circulate in the ring,
frared active ions decay to their vibrational ground state
fore data taking is started. Relaxation is insured provided
radiative lifetimes are short compared to the storage t
before data taking begins. According to theoretical calcu
tions for the lifetime of excited vibrational levels of theX 2P
state@25# of HF1 the radiative lifetime for the vibrationa
transition fromv51 to v50 is 1.6 ms. The lifetime for the
electronic radiative decay of the excitedA 2S1 is of the or-
der of 20ms @25#. After looking at all available lifetime data
for the ion, it is expected that full relaxation of excited v
brational and electronic states produced in the ion source
occur in much less than one second, so that by 6 s a
injection when data recording is started, the ions are e
tronically and vibrationally relaxed.

At each turn, in one of the straight sections of the ri
known as an ‘‘electron cooler’’@26#, the ion beam is merged
with a velocity-matched electron beam, which for o
4.8 MeV HF1 was a 3.3 mA beam of 142 eV electrons wi
40 mm diameter. The electron-velocity distribution in the i
rest frame is described by a flattened Maxwellian distribut
function @27# characterized by different transverse (kT'

51 meV) and longitudinal (kTi50.1 meV) temperatures
The purpose of the cooler is twofold: first, the electron be
is used to translationally cool the stored-ion beam; seco
the electron beam serves as a target in the electron-ion
lision experiments. The extent of the translational cooli
with attendant reduction of the ion-beam size, depends
the charge-to-mass ratio of the ions. In this experiment
ions are relatively heavy (M520), and cooling is not very
efficient. Nevertheless, the velocity spread (Dv/v51023) of
a noncooled ion beam contributes only about 0.4 meV at
interaction energy of 1.0 meV and contributes only 0.025
at 1-eV interaction energy; so decent energy resolution
attainable here even without full cooling. Thus, the distrib
tion of relative velocities between the ions and electrons
dominated by the electron-velocity distribution.

On the basis of previous experiments and the ener
resolution observed therein, we can expect an energy res
tion of about 1–2 meV at 1-meV interaction energy a
about 12-meV resolution at 100-meV interaction energy fo
reasonably cooled, centered, and aligned ion beam. An
certainty in this arises due to space-charge effects in the e
tron beam. The kinetic energy of the electrons in the beam
not uniform over the electron-beam cross section becaus
the electron space charge. This radial dependence of elec
energy has important experimental consequences. Firs
ion traveling through the electron beam at a finite angle w
respect to the electron-beam axis experiences a broade
ergy distribution than an ion traveling parallel to that ax
Second, due to the finite ion-beam diameter, ions with d
ferent positions along the radius interact with electrons
different energies. If the ion beam were to traverse the en

-
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electron beam from center to edge by being tilted, the ene
resolution could be degraded by about 0.4 eV in the cen
of-mass ~c.m.! energy frame. However, with the coolin
available and careful centering of the ion beam, we are c
fident that this effect has been minimized. As will be seen
the data, features at about 100 meV suggest an energy
lution of no worse than 20 meV at that energy.

Following the electron cooler, the parent ions and prod
ions are bent by a dipole magnet, while the neutral produ
follow a straight line and hit a 40-mm diameter, energ
sensitive surface-barrier detector (SBDB) located 4.5 m
downstream. A 27-mm diameter SBDA , mounted on a linear-
motion feedthrough, is placed inside the dipole chamber
used to detect heavy negative-ion fragments, i.e., F2 @see
Fig. 2~b!#. These detectors have 100% detection efficien
for the ion-beam energies used here.

Potentials between the cathode and adjoining electro
are constant throughout the experiment, and the entire gu
raised and lowered in potential as energies are scan
Thus, the electron current is constant throughout the exp
ment, and the electron-collector current is actually measu
only once during the experiment.

The absolute ion current is, in principle, measured usin
coil in which a current is induced as the ion beam pas
through it. In practice this is difficult when using ion
heavier than a few amu unless the ion currents are la
Hence it is not practical to measure the ion current direc
with this method throughout the entire data cycle. Instead
auxiliary ion-current measuring device is implemented. T
consists of a scintillation detector at the end of one of
straight sections as shown in Fig. 2~a!. Neutrals formed by
ion collisions with background gas hit this detector and g
count rates proportional to the gas density and the ion
rent. The count rateRs here is related carefully to the io
currentI i when it is large enough to be measured absolu
with the coil method. Gas density in the system is const
and monitored, so the device is linear with ion current p
vided the count rates are within the limits set by dead tim
of the counting system. Thus, one has a secondary calibr
ion-current meter such thatI i5CsRs , with Cs being a con-
stant. This can be used to measure ion current over the l
dynamic range of ion currents encountered during the m
surements.

B. Data protocol

After each ion injection, a few seconds are allowed
vibrational and electronic de-excitation of the ions, duri
which time the ions are accelerated to full beam energy.
ter full acceleration, the ions are cooled for 6 s using elec-
trons with the same average velocity as the ions. T
electron-cooling energy isEcool5Eime /mi , whereEi is the
energy of the ions, andme and mi are the electron and ion
masses, respectively. Once the beams are aligned, and th
beam relaxed and cooled, the interactions take place ov
range of relative velocities achieved by detuning t
electron-gun-cathode voltage.

Within 10 ms, the electron velocity is detuned, and at t
time the energy scan is begun. The center-of-mass ener
02271
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given by Ecm5(AEd2AEcool)
2, where Ed is the average

detuned laboratory electron energy, andEcool is the labora-
tory electron energy when cooling occurs. As shown in F
3, the cathode voltage first rises, making the electronsfaster
than the ions~the voltage is set to correspond to a c.m. e
ergy of 1 eV!, then is ramped down in about 2 s through the
cooling voltage and on to its minimum~corresponding to a
c.m. energy of 1 eV, electrons beingslower than the ions!
and then back, in 10 ms, to the cooling voltage for an ad
tional 2 s. Next, the voltage ramp is changed for the D
measurements: the cathode voltage is initially set to a va
corresponding to 2-eV c.m. energy, with electronsfasterthan
the ions. Then within 2 s the voltage is ramped through
cooling value to a value that corresponds to 0.2-eV c.m. w
electronsslower than the ions, and then the gun is switch
back to the cooling voltage. The data cycle is finally co
pleted by holding the electron beam at its cooling energy
2 s more. For each ion injection cycle~lasting 14 s!, two RIP
and two DR spectra are obtained, with electrons beingfaster
andslower respectively than the ions, thus providing a co
sistency check on the data including the availability of o
taining ~finding! the zero relative energy.

Counts from the SBD’s are registered in a multisca
device with a fixed dwell time for each scaler so that
interaction energy is varied in time as shown in Fig. 3, th
is a defined correspondence between scaler~channel! number
and interaction energy. Since pulse heights in the SBD’s
proportional to the energies of the impacting particles, d
criminator levels are set so that only the particles of inter
to either RIP or DR are counted. At the same time, ion c
rent is recorded in a fashion~via scintillator! that the known
current can be used in connection with the measured co
in a given scaler.

C. Data analysis

The rate of production of scattering eventsS between
electrons of densityNe and ions of densityNi colliding at
relative velocityv r , where the cross section iss, is given
by @7#

FIG. 3. Schematic view of the cathode voltage scan as a fu
tion of time during one injection cycle.
3-4
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e2v ive

L

Ae
, ~3!

where use has been made of the fact thatv r ands are con-
stant throughout the collision volumeV, thatq51 for these
molecular ions, and the fact that the ion beam of cross s
tional areaAi and diameter between 1 and 3 mm is w
contained within the 40-mm diameter quite uniform electr
beam of cross sectional areaAe and lengthL. Then, making
use of the relationship that the rate coefficient is justv rs
5a, and solving fora, we have

a5~Se2vev iAe!/LI eI i5~Se2vev iAe!/LI e~CsRs!, ~4!

where the form of this equation used depends upon howI i is
determined.

Thus, because of the electron-velocity spread, we do
measure cross sections at very low energies. Instead
measure the rate coefficients,a, that are the velocity-
weighted cross sections averaged over the velocity distr
tion f (y) of the electrons for a relative velocityy:

a5^s~y!y&5E ys~y! f ~y!d3y. ~5!

We have assumed the velocity distribution of electrons
known and have used a Fourier transform based proce
described in detail elsewhere@28# to obtain the cross sectio
at the lowest energies and have simply divided the rate
efficient by velocity at energies above 0.01 eV to get
cross sections.

Regrettably, in an oversight, the ion current in terms ofRs
was not recorded during the scan period when measuring
~see Fig. 3!. Thus, the exponential decay of the ion curre
which was well-established during the RIP measureme
was assumed to continue through this period of time, and
extrapolated current was used for analysis of the DR d
Because of the smooth behavior of the ion current during
RIP measurements, and based on past experience with
beam decay, we judge that this procedure is justified, bu
adds an additional uncertainty to the DR results, discus
later.

To obtain the signal count rates,S, to be used in Eq.~4!, it
was necessary to subtract background count rates to the
tector. The ‘‘backgrounds’’ were defined to be the appar
‘‘signal’’ level at an energy where the signal was not chan
ing ~flat! with energy at a level determined by statistical p
cision. For RIP, these background rates were down to ab
1 s21 compared to the level of signal of several thousand
second at the lowest energy~0.1% at 0.001 eV to 40% a
0.9 eV!. The ‘‘defined’’ background rates similarly dete
mined were more substantial in the case of DR, where
ion-residual gas background cross section was larger,
02271
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were about 380 s21 compared to a few thousand per seco
at the lowest energy~12% at the lowest energy to 90%
at 0.9 eV!.

A number of corrections routinely applied to the data
the ring are applied here. First, we correct the c.m. ene
for the electron space charge@29#. Second, we correct for the
so-called toroidal effect. This is necessary, since the e
trons are merged with the ions using a toroidal magnet,
over some short distance the angle between the velocitie
not zero, thus causing higher energies over this merging p
To correct for this effect, we used an iterative procedure@30#.
Finally, when the velocity of the electrons is tuned aw
from the ion velocity, i.e., from cooling, the ions are dragg
towards the electrons resulting in a change in the c.m.
ergy. This effect is strong for low c.m. energies and for lig
molecular ions, but is not appreciable for molecular ions
heavy as used here. Nevertheless, the c.m. energy was
rected for this effect by applying a procedure described
DeWitt et al. @31#.

The estimated absolute uncertainty in the RIP meas
ments at the lowest energies is about 20% at the 1s level.
This is dominated by the uncertainty in the ion-beam curr
~15%!, the electron density~5%!, and the effective length o
the electron cooler~10%!. To obtain the total uncertainty, on
must, of course, include the statistical uncertainty that va
from 1% at 0.001 eV to 90% at 0.9 eV. For the DR measu
ments, as noted earlier, the uncertainty in the ion curren
estimated to be 30%, while the uncertainties in the elect
density and effective length remain the same. Thus, the
solute uncertainty in the DR measurements is estimated t
32% at the 1s level, and the statistical uncertainty rang
between 3% at 0.001 eV to 70% at 0.9 eV. Because of
high uncertainty in the DR spectra at the highest energ
data above 1 eV are not presented even though they w
recorded.

III. RESULTS

A. General

Absolute rate coefficients for DR and RIP of HF1 over
the c.m. energy range 0.0001 to 1 eV are presented in Fig
and the corresponding cross sections deduced as desc
earlier are shown in Fig. 5. The ratio of the cross sectio
~RIP/DR! is shown in the lower part of the Figure, with th
scale on the right. Certain features immediately stand ou
one examines these figures.

~1! The DR rate coefficients~and corresponding cross se
tions! are significantly smaller than one normally encount
for diatomic ions when there is a crossing of the repuls
portion of a neutral curve near the ground-ionic-state pot
tial minimum as is the case here.

~2! The general trend of both cross sections with energ
roughly E21 up to 0.03 eV, but there are structural featur
associated with both. Beyond 0.03 eV, ignoring the featu
the general trend of the DR cross section continues roug
as E21 up to 1 eV, while the RIP cross section assume
much steeper decline with energy.

~3! At low energy up to 0.1 eV, the RIP process compe
strongly with DR, with the cross section ratio being abo
3-5
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0.3. As energy increases beyond this, the ratio gets m
smaller. Given the potential curves and asymptotic ener
involved, this strong competition was somewhat expecte

~4! There is no observed positive-energy threshold for
rates/cross sections for either of the processes. This is
sistent with the potential curves and energies of Figs. 1~a!
and 1~b!, the thermal rotational energies of the ions, and
energy resolution of the experiment.

~5! Certain of the structural features are common to b
DR and RIP, while fewer features show up in the DR curv
This is due in large part to the much poorer statistical pre
sion of the DR data. The most obvious commonalities are
broad ‘‘hump’’ in the cross section between about 0.002
and 0.02 eV and the very steep decline in the cross sect
at about 0.04 eV leading to minima in the two cross secti
at around 0.07 eV.

1. Dissociative recombination

The generalE21 trend of the DR cross section and re
ognition that theV 1S1 state crosses through theX 2P state
between the classical turning points of thev50 vibrational
level lead to the normal hypothesis that direct capture
stabilization through theV 1S1 state accounts for most o
the recombination. However, the small size of the cross s
tion and the presence of structure lead to the conjecture
one or moreindirect processes are operative and interferi
with the direct process.

A striking structural feature common to both the DR a
RIP curves of Figs. 4 and 5 is the steep decline of the cr
section with energy starting about 0.04 eV culminating in
minimum about 0.07 eV. The observations of strong autoi
ization peaks at corresponding energies in photoioniza
experiments@22,32# leads us to adopt the hypothesis that t

FIG. 4. Absolute rate coefficient for HF1 as a function of inter-
action energy: (n) DR and (s) RIP. Statistical uncertainties ar
shown for selected points. At 0.001 eV the uncertainties are sm
than the points. For DR they are drawn: 30% at 0.07 eV; 20% at
eV; 25% at 0.4 eV; and 70% at 0.8 eV. For RIP they are 12%, 14
11%, and 80% at the same selected energies.
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drop in the two cross sections is due to strong autoionizat
We can thereby also suggest the assignment given by
authors of the photon work and say that tentatively the
creased autoionization is associated with a Rydberg stat
the 2P state of the ion withn57 andv51. It is interesting
that also near 0.072 eV, a new final DR channel becom
energetically accessible@H(n52)1F(2P1/2)#, which may
help rationalize the fact that after a minimum at about 0
eV, DR rebounds to a higher value while RIP continu
downward. We offer no specific interpretation nor assig
ment to the broad peak that DR and RIP both exhibit
tween 0.002 and 0.02 eV, but point it out as evidence
indirect capture.

2. Thermal rate coefficient

For many applications it is useful to have collision data
the form of thermal rate coefficients. At a given temperatu
Te , these are evaluated by integrating the product of
cross section and velocity over a Maxwellian velocity dist
bution. The results for DR and RIP, for electron temperatu
ranging from 10 to 1000 K, are shown in Fig. 6. At roo
temperature, thermal rate coefficients for DR and RIP
1.9631028 and 4.5331029 cm3 s21, respectively. Empha-
sizing again the likely role of indirect capture in the DR f
HF1, the rate coefficient for DR at room temperature
about an order of magnitude lower than that for comm
diatomic ions. For NO1 @33#, CN1 @34#, CO1 @35#, and

er
.2
,

FIG. 5. Absolute cross sections for HF1 as a function of inter-
action energy. Solid curves show the cross sections~DR and RIP! as
derived from the measured rate coefficients using a deconvolu
procedure described in@28#. Points show the cross sections deriv
by dividing the measured rate coefficient by the relative veloc
~for E>0.01 eV); (n) DR and (s) RIP. The statistical uncertain
ties are shown at 0.8, 0.6, 0.4, 0.2, and 0.07 eV. Curves decayin
E21 are shown to help demonstrate that dependence of the m
surements. The ratio of the cross sections~RIP/DR! is shown in the
lower part of the figure, with the scale on the right. Clearly, t
rapid fluctuations in the ratio curve are due primarily to statisti
uncertainties in the measured cross sections. The statistical u
tainties, taken as the square root of the quadrature sum of the
vidual statistical uncertainties are shown at 0.8, 0.4, 0.2, and 0
eV.
3-6
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N2
1 @36# the rate coefficients are 431027, 3.431027,

2.7531027, and 1.7531027 cm3 s21, respectively. The DR
processes for all of these ions are found to be predomina
controlled by a direct mechanism, which involves cur
crossing between the ground ionic and doubly excited dis
ciative neutral-state potential curves. It is worthwhile me
tioning other cases where the DR thermal rates of the o
of 1028 cm3 s21 are obtained. Namely, for HeH1 @24#
HD1 @37#, and OH1 @38# where different indirect mecha
nisms are used to explain the DR processes, ther
rates of about 331028 cm3 s21, 6.931029 cm3 s21, and
6.331029 cm3 s21, respectively, were found.

3. Resonant ion-pair production

The additional structural features seen in the RIP cr
section, not seen in the DR curves, invite further comm
and interpretation. Again, it is useful that important expe
ments@22,23# with photons have preceded this work, and t
associated interpretations can be partly adopted. In the w
mentioned, ion-pair formation~we refer to this as photo-RIP!
was studied by photoionization of both neutral HF and D

FIG. 6. Thermal rate coefficient of HF1 (v50) as a function of
the electron temperature: dotted line, DR and solid line, RIP.
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and by recording the H1(1F2) formation from HF and the
D1(1F2) formation from DF.

For purposes of comparison, the photo-RIP data of Y
chaet al. @23# ~the two sets of data referred to are very sim
lar! are plotted in Fig. 7 on the present energy scale by s
tracting the ionization potential of HF~516.046 eV! @39#
from the photon energy. This figure also shows our RIP cr
section multiplied by the c.m. energy. The productsE re-
moves theE21 behavior from our experimental data an
allows the use of a linear scale. Related features are obse
in comparing these two sets of results, especially the peak
about 0.1 eV and 0.15 eV. However, relative strengths
exact locations of various peaks differ between the two p
cesses. For example, the strong RIP peak near 0.38 eV
the smaller one at 0.6 eV both appear, though very weak,
slightly displaced in the photo-RIP spectra.

A summary of peaks seen in the experiments and the
signments given by the authors of photo-RIP are shown
Table I. Also included in Table I are autoinization peak p

FIG. 7. Comparison of RIP and photo-RIP results. Solid lin
product of the RIP cross section~from Fig. 5! multiplied by the c.m.
energy plotted as a function of c.m. energy. Dotted curve is ta
from the photo-RIP data for HF@23# after subtracting the ionization
energy~16.046 eV! to put the two curves on the same energy sca
the
TABLE I. Column 1, selected peak-energy positions for F2 formation from photo-RIP of HF and column
2, their possible Rydberg state assignments taken from@23#; column 3, peak-energy positions for F2 forma-
tion from RIP of HF1; column 4, selected vibrationally autoionized Rydberg levels in HF converging to
X 2P state, and theirn andv assignments~column 5 and 6! @32#.

photo-RIP peak
~eV! @23# Rydberg state assignment RIP peak~eV!

Autoionization peak
~eV! @32# n v

0.024 (A2S1 v517) 3ss 0.02 0.012 6 1
0.078 (X2P3/2 v51) 7d 0.07 minimum 0.073 7 1
0.111 (X2P1/2 v51) 7d 0.09 0.091 7 1

0.151 0.174 (X2P3/2 v51) 8d 0.14 0.14 8 1
0.2 (X2P1/2 v51) 8d 0.2 shoulder 0.182 8 1
0.42 (A2S1,v)3ps 0.36-0.42 0.457 7 2
0.583 (A2S1,v)3ps 0.6
3-7
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sitions observed in photoionization studies of HF and R
berg states~converging to thev51 andv52 levels of the
X 2P state! assignments as originally proposed by Berkow
et al. @22# and later assigned by Guyonet al. @32#.

Interpretations given by both Berkowitzet al. and Yencha
et al. @22,23# say that photo-RIP of HF does not proce
through direct excitation to the repulsiveV 1S1 ion-pair
state, but rather by predissociation of bound Rydberg sta
Berkowitz et al. @22# explained the involvement of interme
diate Rydberg states that predissociate via theV 1S1 ion-pair
state rather than via direct transition from the ground stat
HF to theV 1S1 state by the fact that the observed width
the first photo-RIP peak is too small to correspond to
Franck-Condon overlap@see the Franck-Condon regio
shown between the vertical lines in Fig. 1~a!# between the
ground HF state and the repulsive part of the excitedV 1S1

state@22#. Both groups of authors@22,23# find the first peak
maximum at 16.070 eV (16.070216.04650.024 eV on our
scale! for F2 formation, which agrees well with the positio
of the maximum at 0.02 eV observed in our RIP data. In
paper of Yenchaet al. @23#, this first strong peak was as
signed to high vibrational levels (v517,18) of the core-
excited 3ss Rydberg state converging to theA 2S1 ion-
excited state@Fig. 1~a!#. Most of the structure immediatel
following the first peak is explained by both groups of a
thors@22,23# to be photoexcitation to the Rydberg states t
converge to thev51 andv52 levels of both components o
the X 2P ground state. As shown in Table I, some peaks
assigned by Yenchaet al. @23# to be due to vibrational levels
of the second Rydberg state, the 3ps state, also converging
to theA 2S1 ion-excited state. Clearly, the energy positio
of all of the Rydberg peaks shown in Fig. 7 are not given
Table I.

Although the match between the results shown in Fig.
not perfect, there is a correspondence between them.
disparity between RIP and photo-RIP intensities of the pe
at 0.4 eV and 0.6 eV has already been referred to. This
crepancy is one indication that the electron-capture proc
can access states that are forbidden by radiative transit
Thus, when comparing our RIP results with the photodis
ciation data, one has to keep in mind a few differences
tween these two experimental approaches. In our experim
-
.

el,
lf,

.
. A
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-
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the transitions are neither controlled nor driven by opti
selection rules. Another difference is that the equilibrium
ternuclear separations are different for HF (Re
50.1001 nm) and HF1(Re50.1224 nm), and consequent
Franck-Condon regions that control the transitions are dif
ent.

IV. SUMMARY

The results on HF1 reported here represent the first me
surements of rates and cross sections for DR and RIP
halogen halide ion. We have obtained DR rates significan
smaller than those for common diatomic molecular ions
spite the crossing of the ionicV 1S1 potential curve with the
ground-state ion between the classical turning points of
v50 vibrational level. This fact and the presence of stru
ture in the cross section that generally decreases asE21 led
us to conclude that the electron capture takes place bot
the normal direct process and by indirect processes tha
terfere. Also, contrary to the other few cases that have b
investigated, resonant ion-pair formation competes stron
with DR, accounting for about 25% of the total ‘‘recombin
tions’’ at low energies. A strong complementarity has be
found between RIP in HF1 and the process of ion-pair pro
duction by photodissociation of HF, a process we have ca
photo-RIP. The interpretation of the photo-RIP data ha
been adopted in discussing many of the structures foun
the RIP cross section.

The interesting energetics of HF and HF1 and the avail-
ability of a significant amount of data on the systems sho
make DR and RIP likely candidates for theoretical investig
tion.
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