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Absolute cross sections have been determined for the dissociative recombination and dissociative excitation
of “HeH" for electron energies below 40 eV. The dissociative recombination cross section is in semiquanti-
tative agreement with recent theoretical results by Sarpal, Tennyson, and Mdrd#rys. B27, 5943(1999]
and GubermaiiPhys. Rev. A49, R4277(1994; in XIXth International Conference on the Physics of Elec-
tronic and Atomic Collisions, Whistler, CanadAlP Conf. Proc. No. 360, edited by L. J. Dube, J. B. A.
Mitchell, J. W. McConkey, and C. E. BriofAIP, New York, 1995, p. 307. The calculated resonant structure
below a collision energy of 1 eV was not fully reproduced by the experiment. The quantum states of the
dissociative recombination products at 0 eV collision energy have been determined; ground-state helium and
excited hydrogen aton(s =2) are dominantly formed, in agreement with recent predictions by Guberman. The
dissociative excitation has an onset around 10 eV and follows the shape of the dissociative recombination cross
section, illustrating that both processes start with the formation of doubly excited neutral states that lie in the
ionization continuum as well as in the dissociation continuum. The dissociative excitation cross section is in
quite good agreement with recent calculations by Orel and Kulah8&050-294{©6)09310-9

PACS numbg(s): 34.80.Gs, 34.80.Ht, 34.80.Kw, 34.80.Lx

[. INTRODUCTION The two theories displayed a different resonant structure for
“HeH" [12,14. The theories also differed in their predictions
Dissociative recombination is a process of quantitativeof the states of the dissociation products. Hieinitio cal-
importance in the chemistry of interstellar plasmas as it is thgulations by Sarpal, Tennyson, and Mordag] predict both
main destruction mechanism for molecular ions present ihe helium and the hydrogen to be in their ground states,
such environments. The difficulty to observe helium hydrideWhereas Guberman’s calculations for the isotoporides{”
(iong in the interstellar mediurfil] seemed in contradiction [13] and “HeH" [14] predict the hydrogen to be in its=2

with predictions that HeH could be abundanf2]. These State after dissociation. The TARN Il experimeifl] in-

predictions did not include the possibility of destruction of ¢luded an estimate of the kinetic energy released upon dis-
HeH" by dissociative recombinatiaiDR). As was generally sociative _recomb|_nat|on with a simple position sen5|_t|v_e de-
accepted at that time, the lack of a neutral repulsiVetector. This experiment rendered support to the prediction by

. . uberman of a small kinetic energy reledsel eV).
potential-curve crossing the ground state of the molecula? . gy 4 V) .
Electron capture in an electron-molecular ion collision

lon would prevent.DR from taking placg. Experlmentg bydoes not necessarily lead to dissociative recombination.
means of the FIOW'r.]g Afterglow/Lan_gmL_nr Probe t_eChmqueElectrons with sufficient energy may excite the molecule di-
[3] supported the view that recombination of Helis ex- rectly to a repulsive ionic state resulting in the dissociation
tremely slow. However, a simultaneous single-pass mergeqss the molecular ion. An alternative pathway may go via the
beams experimeri#] showed a large dissociative recombi- tormation of a doubly excited neutral state that may autoion-
nation cross section difficult to reconcile with the theories ati;q tg the vibrational continuum of the ground state ion,
that time[5]. Later, heavy ion storage ring experimeffis7]  which also leads to dissociation. The latter dissociative exci-
on’HeH" carried out at CRYRINGS8,9], and on"HeH" and  tation mode is in a direct competition with dissociative re-
*HeD" carried out at TARN 1I[10,11] confirmed the high combination. Both processes are called dissociative excita-
dissociative recombination cross section at low collision ention (DE).
ergies. These observations encouraged a search for other The present work was performed to test existing theories
mechanisms to explain a high cross section for DR withoutind to provide accurate data for astrophysical applications.
curve crossing. We present high resolution absolute cross-section measure-
Two different theories have shown a reasonable agreements of dissociative recombination &fleH" at electron
ment with experimental resulf42-14. The magnitudes of collision energies below 40 eV. Data were taken in very
the observed cross sections were reproduced. The interactiemall energy steps below 1 eV. The results are compared
operator responsible for the DR process was found to be theith theoretical predictions and the isotope effect is evalu-
nuclear kinetic-energy operator, which mixed the ionic con-ated using earlier CRYRING results dHeH". Using a two-
tinuum with the dissociation continuum around the innerdimensional imaging detector, the final states of the DR frag-
turning point of the molecular ground state potential curvements are determined at 0 eV collision energy. For practical,
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interstellar chemistry, purposes the DR rates are evaluated at MCA spectrum
various electron temperatures. Dissociative excitation cross  sogo
sections were determined from which the competition be-
tween DR and DE becomes apparent. DE is observed to start P, (H)
around 10 eV. A series of tests has been performed to check 4000 ‘
for systematic errors that may occur in heavy ion storage ringa
experiments. E 3000

S

£

Il. EXPERIMENT :_‘“/ 2000 b oy
2
The experiments were performed at the heavy ion storage | Py (He + H)

ring CRYRING at the Manne Siegbahn Laboratory at Stock- 1000
holm University.*HeH" ions were created by mixing helium A J\
and hydrogen in a low-pressure plasma ion source. After o s ” " " 25
mass selection, the ions were injected into the storage ring at
an energy of 40 keV and further accelerated to an energy of Energy (MeV)

3.84 MeV/amu. The approximate number of injected ions
was 9x10°, as measured with a current transformer. The
lifetime of the stored ions is dominated by collisions in the FIG. 1. A typical MCA spectrum used for the determination of
rest gas. The ambient pressure of ¥0Torr resulted in a the rate coefficient for dissociative recombination in the electron
beam lifetime of approximately 15 seconds. cooler. The figure shows the number of counts detected by the
Two cooling mechanisms are operative in this experi—S‘_”face barrier de_tector as a function of the particle energy. The
ment. First, the storage of the ions allows full vibrational Nigh energy peak is due to DR whereas the two other peaks result
relaxation through infrared emission resulting in a HeH from collisions in the rest gas.
beam in the ground vibrational state. Second, the circulating
ions are phase-space cooled by interacting with a collineamnents are detected in the so called zero-degree beam line by
beam of velocity matched electrons in the electron-coolean ion-implanted surface barrier detec(&BD) located ap-
section of the ring. The phase-space cooling allows for thgyroximately 4 meters from the center of the electron cooler.
ultimate energy resolution of the experiment. Acceleration ofThe spectra are recorded using a multichannel analyzer
the electrons results in a longitudinal energy spread of aboyMCA). A typical pulse-height spectrum, shown in Fig. 1,
kT,=0.1 meV. The temperature of the electron-cooler cathconsists of three peaks; two corresponding to single hydro-
ode (1000 K) results in a transverse temperatur&kd=0.1  gen(at 3.84 MeV\} and helium(at 15.36 MeVf atoms arising
eV, which is reduced by a factor of 10 prior to the interactionfrom collisions with rest-gas particles and, at high center-of-
region by using adiabatic expansion of the electron beam imass energies, dissociative excitation. The highest energy
a decreasing magnetic fieJd5]. The resolution in electron- peak (at 19.2 MeV implies that a helium and a hydrogen
collision energy is dependent on the magnitude of the centeatom arrived simultaneously, which is representative for DR.
of-mass energy. At energies lower than 1 eV it is given by A multichannel scalefMCS) was used to monitor the
the transverse energy spread of 10 meV. background signal from single hydrogen and helium as a
The electron beam from the cooler also serves as a targfiinction of time after injection of the ions. The number of
in the dissociative recombination experiment. During theinjected ions was established with a current transformer. The
data taking, the electrons are alternatively detuned from th@CS data and the ion current measurement were used to
cooling energyE ,y to a new energyE.,s which is the  calculate the absolute destruction probability of the ions due
laboratory energy of the electrons when a measurement i collisions with the rest gas. As will be explained below,
performed. The difference between the longitudinal velocithis probability facilitates an absolute DR cross-section de-
ties of the electron and ion beams when a measurement {grmination. At high electron collision energies, an increase
performed is called the detuning velocity,, which is asso- in the background count rate coinciding with the electron
ciated with an energyE4, according to the relation cooler jumps is observed with the MCS. This increase is due
Eq=mev §/2. The detuning energy is related to the labora-to dissociative excitation. The background in an MCA spec-
tory electron energieE.,, and E peasthrough VEq= VEmeas  trum is corrected for this DE process.

—VEcor When E4 is larger thankT,, the center-of-mass In order to check for possible systematic errors present in
collision energy approaches the detuning enggyl. an ion storage ring experiment, experiments were performed
The dissociative recombination measurements are pert various electron currentsheck for three-body collisions

formed within short temporal gates simultaneously createar field effects and at various times after ion injection

with the electron-cooler jumps. The latter jumps are maddcheck for time-dependent cross sections, and changes in the

short enough to avoid drag-force effects, i.e., reduction of thédeH"™ beam population in time

detuning energy due to Coulomb interaction between elec- In the present experiment we also used a two-dimensional

trons and ions. imaging detector to measure the kinetic energy release in the
The neutral dissociation products formed in the coolerissociative recombination diHeH" molecules with elec-

section by rest-gas collisions, dissociative recombinationtrons at detuning energy of 0 eW.e., EcacEcoo)- This

and dissociative excitation, proceed in a straight line througliletection system has been describedlifi] and is briefly

the bending magnet following the cooler section. The frag-described here.
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The detector was installed in the zero-degree beam line dhe integrated number of counts of hydrogen atoms coming
a distance of 5.9 m from the midpoint of the electron coolerfrom background collisions registered in the MCA spectra.
It consisted of three micro channel platédCP) stacked Then
with a diameter of 18 mm. The impact of an energetic atom

created a sharp and intense bunch of electfohshe order _ |

of 10°), which were further accelerated towards a phosphorus Ps= RDRne(E) fgatesN(t)dt’ ©)

screen placed at a distance of 7 mm from the last MCP. The

electron pulse was transformed into a scintillation on the

phosphorus screen and then imaged by a CCD camera and P1=RBJ ateSN(t)dt. 4
9

read out digitally. This system detected both the DR frag-
ments as well as single neutral fragments produced by colli-
slons \.N'th the rest gas. Therefore, the detector was operat%i the rest-gas destruction rate per ion and unit time in the
In a trigger mode to redyce the background causeq by A ooler section of the ring. Dividing3) with (4) gives the
dom coincidences resulting from two uncorrelated single at'simple relation

oms. The trigger pulse used to switch off the MCP’s was
taken from the output of a fast photomultiplier tube monitor-
ing the flashes on the phosphorus screen. Every flasth Rpr= RB(
due to single, rest-gas collision products and two-particle DR

fragment$ resulted in the switching off the MCP’s in 40 s
for a time of about 700 s. The integration time for one frameIating the result of an ion current transformer measurement

was about 900 s. This timing regime allowed the detectioq0 the MCS measurement of the count rate of a hydrogen
two DR fragments, which arrived in a time interval less thanbackground peak. The ion current is a function of time and
1 ns, while it at the same time facilitated a significant SUP-can be given as ’
pression of random coincidences. The data were taken in the
free running mode of the CCD camera at a rate of 1100 v;

frames per second. The data were further processed so that I(t)=N(t) c q, (6)
the two-particle-event frames were identified and the dis-

tance between fragments calculated. The resolution of thgi andq being the ion velocity and ion charge, respectively.
detector was approximately 0.25 mm.

The background count rate recorded by the MCS is given by

The time integration is made over the measuring g&gs.

nJd) Py’

The absolute destruction ral can be computed by re-

Ill. DATA ANALYSIS dP

i = ReN(D). @)
The absolute cross section can be determined by measur-
ing the absolute destruction rate of the molecular ions by re%

gas collisions and comparing the intensity of background an

signal in one MCA spectrum. A typical MCA spectrum re- at a given timet. Subsequently, the reaction rate coefficient

°9rde.d aEd4:0 e+\/ IS shOV\_/n in Fig. 1. D|ssouat|ve reCOM- iy, the electron cooler for reactidd) can be computed using
bination of "HeH™ results in the formation of two neutral Eq. (5)

atoms according to the reaction:

y dividing (6) and (7), N(t) disappears andRg can be
omputed by giving the MCS count rate and the ion current

At high electron collision energiesabove 10 eV the
deH* llisi He+H Kineti MCS spectra of the backgroun_d were m_odulated synchro-
eH" +e+collision energy-He+H(n)+kinetic energy. nously with the electron cooler jumps. This background in-
@) crease is corrected for in the computation of the DR rate. The

. . . magnitude of these changes directly gave a measure of the
Note that no signal is observed at 19.2 MeV without thedissociative excitation cross section.

cooler electrons. Thus all counts at this energy are caused by . . -
The above equations yield the DR rate coefficienthe
DR. The other peaks at 15.36 and 3.84 MeV correspond Qiectron cooleras a function of the detuning energy. These

fragments from rest-gas collisions. These signals should b mbers can be converted to DR cross sections by employ-
independent of the electron cooler electrons and can be us%;iij

L g a deconvolution procedure using the electron velocity

for the normalization of the DR-count rate. The count rate ;.= . . : - .
: low 1 eV. At high -
due to DR(Qpg) recorded by the detector is related to thedlsmbmIon at detuning energies below 1 e t higher en

- . . ergies, where the electron-energy spread is negligible with
abso".‘te DR rate coefficieriRpg in cm’s) according to the respect to the collision energy, the cross section is obtained
following relation:

by dividing the rate coefficientRpg, with the electron ve-

locity in the center-of-mass frame.
Qor= RDRneN<I_) 2) The measurement o_f the absolute current us?ng the current

C transformer has an estimated error of 10%. This exceeds the

statistical uncertainty involved in the measurements at low
wheren, is the electron density\ is the number of stored energies. At the entrance and exit from the cooler the elec-
ions, andl/C is the ratio between cooler length and storagetrons are not collinear with the ion beam. The magnetic field
ring circumferencgl =0.85 m,C=51.6 m accounting for causes the electrons to have a radius of curvature of 0.4 m.
the fact that DR events take place only in the cooler sectionAt the ends of the electron cooler, the collision energy is
Let P be the integrated number of counts due to DR Bad increased, so that one also samples the DR cross section at



54 DISSOCIATIVE RECOMBINATION AND DISSOCIATIVE . . . 3089

higher collision energy. The increment in collision energy MCS spectrum
may be as large as 250 eV for a nominal c.m. energy of 10 455
eV at our experimental conditiorise., with the beam energy
we usedl. We estimated this effect by performing the calcu-
lations described in the work by Lampest al. [17] to the

first order. The observed rates are mostly affected close to
the minimum at 1 eV by this toroidal magnetic field effect, 2 750
where the large cross section of the high energy peak beg
tween 10 and 20 eV gives a contribution. However, this con-2
tribution is not very large since it represents only 4% of the™
merging region(1% of the total interaction regionThe rest

1000

500

of the merging region contributes very little since one sample 250

the very low cross section present at higher energies. The

rate coefficient presented here is thus overestimated by at o

most 10% in the region between 1 and 10 eV, a correction 4 8 12 6

which is barely visible in Fig. 3.

To examine if the rates were time dependent, for instance
as a consequence of a slow vibrational relaxation in the
4_HeH+ ion beam, the DR rate was recorded at four different . 2. an MCS spectrum following the time evolution of the
times after injectior(3, 5, 10 and 15)s No time dependence  sjgnal from single hydrogen atom during one injection and includ-
of the rate was observed in agreement with the predicteghg 10 electron cooler jumps. The decay of the beam and the in-
radiative relaxation times of at most 120 fis]. crease in the signal due to DE are clearly observed. The time axis is

Finally a series of experiments was performed at four dif-in seconds after injection.
ferent electron current§9, 25, 54, and 100 mA An in-
creased electron density could possibly give rise to three- For the given KER and isotropic fragmentation of mo-
body effects. This would perturb the measurement since weecular ions the measured spectrum of transverse separations
are only interested in one electron—one ion reactions. Thean be described by an analytical functi@®] as follows:
test was performed at a detuning energy of 0.22 eV. Formula
(5) suggests that the DR signal divided by the signal coming 1 i D
from background gas collisionsPg/P,) is proportional to P(D)= D..-D, [arcco%mm(l, DI+L)
the electron density in the absence of three-body effects. The
measured R;/P;) also showed a linear dependence on the
electron current from which it was concluded that three-body
effects are not important under our circumstances. The same
test was also performed with a detuning energy of 0 eV. Iwherel is the effective length of the electron-ion interaction
was found that the apparent cross-section was higher faegion andD, andD, ., correspond to the maximum pro-
lower currents contradictory to formu(®). It has, however, jected distance between DR fragments created at the entrance
been shown in a work by Schu¢h9] that the energy reso- and at the exit of the electron cooler section.
lution (electron temperatuyeis depending on the electron  The last part of the experimental results deals with the
density implying that the resolution deteriorates for higherexperimental determination of the dissociative excitation
electron currents. This affects the results for very low detun€ross-sections and their comparison with the DR results. Dis-
ing energiesEy<kT,, =0.01 e\). That is why we chose to sociative excitation is a process where an electron collision-
perform the three-body effect test for a higher detuning enally excites a molecular ion to a dissociative state or to a
ergy (i.e., E4=0.22 e\j. short lived predissociating state. In the case'ldéH* two

The two-dimensional imaging detector measured thechannels can be distinguished with different energetic thresh-
transverse separation of the DR fragments at a distance olds:
from the electron cooler. The transverse separation is deter-

Time (s)

D
'D,

] : (€)

- arcco%min

mined by the kinetic energy releagéER) in the center-of- *HeH" +e—*HeH™ —H"*+*He (108
mass frame and can be expressed by the following formula:
or
—H+*He". (10b)
D=/ 2R L sing )
E,u Since the reactions lead to only one neutral atom, they are

not as easily detected as the DR reaction. The neutral hydro-
gen or helium atoms from DE are severely blended by those
whereE, is the beam energiin MeV/amu, u is the reduced coming from rest-gas collisions. A typical MCS spectrum of
mass of the molecular ion, ardis the angle of the molecu- hydrogen, where the electron cooler is detuned to give a c.m.
lar axis during dissociation with respect to the electron beamenergy of 34 eV, is shown in Fig. 2. The DE rdf@pg) is
The KER is determined by the initial and final quantum en-calculated as the count rate during the cooler jurf@s,
ergy states of the participating partickése parent molecular decreased by the count rate between the cooler jul@g$. (
ion and two atomic producksnd the collision energy. The relation between the experimental rate and the rate co-
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Electron Energy (eV) FIG. 4. Potential curves fotHeH" and“HeH relevant for this

work. These are found in, e.g., Refd] and[12].

FIG. 3. Rate coefficient as a function of the detuning energy for
dissociative recombination dHeH". The discussion is divided in a low-energy region from
zero to approximately 1 eV and the high-energy region from
efficient of the DE reaction is found in a way very similar to 1 to 40 eV. A cross section for the high-energy region can be
the method used to extract the rate coefficient for DR. Equaextracted simply by dividindRpg with the electron velocity
tion (5) can be utilized the same way as previously within the center-of-mass frame. We will start to describe this
some minor changes. The DE rate coefficient is thus founglegion. The high-energy region contains one broad asymmet-
from ric feature with a maximum at 18 eV, as shown in Fig. 5. It
very much resembles the high energy structuréHgH" in
S £| (ch Qs) . a previous experiment both in terms of absolute cross section
Ne B

as well as in position8]. The irregular shape clearly indi-
cates that it is composed of contributions from several reso-
Reactiong109 and (10b) were studied separately by re- nances. A shoulder is present at 14 eV and a small peak at 28
cording MCS spectra at various electron energies for heliungV. A recent theoretical study by Orel, Kulander, and Re-
atoms and for hydrogen atoms, respectively. The DE rat§cigno[21] treats the dissociative recombination®sleH" in
was measured for electron energies ranging from 1 to 37 ethis energy region. The process is explained by an interme-
with a step of 1 eV. The absolute cross section was simplyliate capture of an electron into a Rydberg orbital of HeH.

extracted by dividing the rate coefficient with the electronThe ionic core of this neutral doubly excited molecule is
velocity in the center-of-mass framgye=Rpg/v - called the parent ion. Two parent ionic states are considered

here, namelya 33" and A 13 ". These states are steeply re-
pulsive in the Franck-Condon region, so that the probability
for dissociation becomes larger than that for autoionization.

11

IV. RESULTS AND DISCUSSION
A. Dissociative recombination

Using the procedures given in the previous section, the 3107
DR rate coefficient in the electron cooler was measured at
various center-of-mass energies ranging from 0.005 to 35
eV. The result is shown in Fig. 3. The step size was choseg™
to be small at energies up to 1 eV in order to resolve narrow\g/ 10" o .
resonances in this region due to indirect DR mechanisms inc
which molecular Rydberg states play a role. The energy reso% *
lution is 10 meV below 1 eV. Indeed, at low electron ener- 3 .
gies, structures can be observed. The general trend is a DR3 . . .
rate which decreases with energy. At higher electron energy®  ™"° . .
a broad maximum is observed starting near 10 eV. © .

Figure 4 contains a summary of the electronic states that o . o
are important for the results. The'S*, AS*, anda 3" S0eee *eee o
states in HeFl are shown. The neutral ground state is repul- 10 20 30 40
sive which is indicative for the unstable nature of HeH. The
C 23" Rydberg state is shown; it is a candidate for the pri- Electron Energy (eV)
mary dissociation route in low-energy DR. In the ionization
continuum a number of doubly excited neutral states are in- F|G. 5. DR of*HeH" for energies ranging from 1 to 40 eV. The
dicated that are important for the high-energy features in th@road structure centered at 18 eV is mostly due to capture into a
DR spectra and for all features in the DE process. doubly excited Rydberg state, which subsequently dissociate.
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These resonances have an important capture probability arffd=f(v4,v) is the instrumental function determined by the
play a dominant role for the DR cross section. The calculaelectron-velocity distribution. The cross section is then found
tion by Orel, Kulander, and Rescigri@1] included eight by applying an inverse Fourier transform, according to
doubly excited neutral states, fofE states and on#lI state

with thea 33" state as a parent ion state, and the two lowest 1 F(Rpr)
neutral states associated with the’> " state. The(1030?) ov)=—F 1( ) ]
state dissociating to H23S) plus excited hydrogen is also
included. The results agree quite well both in shape and mag-

: ; . A :
nitude with the experimentaHeH" cross section. Only the 0 from the rate coefficient using a numerical fast Fourier

shoulder near 30 e\_/ is not found in the calculations. Thetransform algorithm of MATLAB[23]. The computed cross
absence of a strong Isotope effect corroborates the elec”°”§%ction was subsequently used for the determination of the
natll:Jre (I)f the rlelz_sqnances 'UVOl\f{Ed' liaibl locit thermal rate coefficient described in the last part of this sec-
or low collision energies e non-negugible VEIoCly 5, The general decrease of the cross section with increas-
spread of the cooler electrons has to be taken into accouqhg energy is related to the Wigner threshold léw<E 1)
;I_'he .rela}Uon kt))etween the rate coefficient and the cross S€4A cross-section calculations many much sharper resonances
lon IS given by are found and attributed to the location of certain vibrational
o excited states in HeH Rydberg states. DR via these Rydberg
RDR:<U0'>:J f(vg,v)o(v)v d, (120  states is called indirect DR, since the neutral, vibrationally
0 excited Rydberg state is subsequently predissociated. The
. . . magnitude of the experimental cross secti@d *° cn? at
wherev is the vector of relative velocity between an electron0 02 eV} is considerable despite the lack of potential curve
and an ion ana is its magnitude. The functiof(v 4,v) is the crossing. In the case dfi; (v=1), cross sections are re-
relative velocity distribution. The electron velocity distribu- ported of X101 cn? at 0202 e\/[221]' this is considered the
tion s expr_ess_,ed_as a_product betweer_l two Maxwe”'classic case of a curve crossing. It is again concluded that the
Boltzmann distributions to account for the different distribu- 5o s 4 o1 and its isotopomeri8—11] is an efficient pro-

2%”5 pf“t"?‘”e' ar|1d .;t)erc;j).etnqtl)c?.lar to Iﬂe |odn begbm dd'k;ectt'ont:ess at low electron energies. The mechanism of the disso-
€ relative veocily distribution 1s thus descnbed by WO qiative recombination process in this region is no longer a

(17

This method has been employed to extract the cross sec-

temperature$22] question of debate. The coupling between the ionization con-
m - tinuum and the neutral dissociative states is due to the

f(vg,v)= exp( i) nuqlear _kinetic—energy op.erator. The I.ow energy DR _is ex-

27kT, 2kT, plained in terms of tunneling from the inner turning point of

situated at smaller internuclear distan@ee Fig. 4 Two
recent theoretical reports exist on this mechanism using dif-
i _ ferent computational techniques. Gubermgi8,14 em-
and denotes movement perpendicular and parallel to the I0Bloyed a multichannel quantum-defect the¢WQDT) ap-
be_:a_;lm, respegti_vely. Relatiofid) can be congiderably sim- proach, whereas Sarpal, Tennyson, and Morfg) made
plified by realizing thafly<T, . SettingT,=0 yields the fol- e of R-matrix theory. The tunneling mechanism is ex-

12 the *HeH" potential curve to states of the neutral molecule
X( m ) F{_m(v_vd) ) 13

lowing for f(vq,v): pected to be strongly isotope dependent. In a direct way be-
5 2 cause of the occurrence of the reduced mass in the kinetic
_ _ d _ energy operator and more indirectly because of the overlap
UCERY 27kT, 2m exy{ m 2kT, )H(U va), in the classically forbidden region near the inner turning
point of the ground-state potential curve.
Hv—vg)=1(v—vy)>0, Figure 6 contains a comparison of the measured rate co-
efficient with an earlier experimental study &fleH" at
H(v—vq)=0,(v—vq4)<O0. (14  CRYRING [9]. Figure 7 compares our present results with

the theoretical predictions of Sarpal, Tennyson, and Morgan
Introduction of the collision energf=muv?/2 gives the [12] and Gubermari14]. In order to compare our results
following expression for the rate coefficient as a function ofwith the ab initio calculations, we performed a numerical
the detuning energy: convolution of the calculated cross sections with an instru-
. mental function defined by the thermal spread of the elec-
_ trons. The cross section of the light isotope is found to be
Ror(Ea) = kT Jo o(E+ Ed)ex;< B ﬁ) dE. (19 larger by about 20—25 %, in agreement with the dependence
of the kinetic operator on the inverse of the reduced mass.
The integral represents the convolution between the crosEhe®HeH" [9] and the’HeH" results show striking similari-
section and an instrumental function coming from theties even in the resonance structure: the steep falloff at 50
electron-velocity distribution. The cross section can be foundneV, the first broad structure around 100 meV, and the reso-
by using the technique of Fourier transforms. Fourier transhance near 200 meV are reproduced. The resonances in
forming both sides of Eq(15) gives “HeH" are shifted by 30 meV towards lower energy com-
pared with®*HeH". The steep fall of the theoretical rate at
FHRpr)=Fo)F(T). (16 250 meV is due to the convolution procedure. The two theo-

©
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FIG. 6. Comparison of the experimental rate coefficigoto) tures ranging from 20 to 1000 K.
in Eq. (12)] for DR of “HeH" and®HeH". The latter is found in

Ref.[9]. m \G2 re mo 2
a(T)=(—) f va(v)ex;{——)4ﬂ'vzdv.

retical approachekl2—14 give rather different predictions. 2mkT 0 2kT

The theoretical calculations by Sarpal gives a better descrip- (18)

tion of the fall off of the cross section below 100 meV. Apart . ) .
from a 10 meV shift the resonances seem to be described 1he integration was performed numerically for tempera-
somewhat better by the MQDT calculations by Gubermarfurés ranging from 20 to 1000 K and the result is shown in
[14]. The magnitude of the rate is rather well described sugF'9: 8;8W9 7ngote that the rate coefficient at 300 K is about
gesting that indeed the role of the nuclear kinetic-energy op3><10 = ¢m~, which is three orders of magnitude higher
erator can be important in driving DR of H&H thaq was ant|C|pate_d in estimates of the Hebundance in
A very practical quantity is the thermal rate coefficient; the interstellar mediurfi2].
the reaction rate of DR in an environment in thermodynami-
cal equilibrium. The thermal rate coefficient is computed by B. Product state distributions
folding the cross section with a thermal electron-velocity dis- Figure 9 shows the transverse separation distribution mea-
tribution. We note that we cannot account for the adaptation , o4 ate. =0 eV. At this energy only two dissociation
of the HeH" ion population to the temperature; in particular ;e e gg'ergetically allowed fdHeH" ions in their ze-
the effect of the rot.a.tional excitation. The expression f_or theroth vibrational level of the electronic ground st&'s").
thermal rate coefficient, denoted by the symbdlT), i gne of them is when both fragments are in their ground
given by the following expression: states; the second one includes the excitédfitdgment in
the n=2 state. The kinetic energy releases corresponding to
these limits are equal to 1.56 and 11.76 eV, respectively

2000 4 + 4
"~ Guberman: ‘HeH"_ n=2 © OeV)+ HeH —» He+H
~———— Sarpal et al. 4HeH+
10% - Experiment : "HeH l
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<ve> (cm3/s)
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FIG. 9. Distribution of projected distances between the dissocia-
FIG. 7. Comparison of the experimental rate coefficignio) tion fragments measured By=0 eV (solid line). The dashed line
in Eq. (12)] for DR of “HeH" and the theoretical calculations by shows the theoretical distribution calculated according to formula
Sarpal, Tennyson, and Morgah2] and Gubermain14]. (9) for the KER=1.49 eV.
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(according to théHeH" ground state potential curve calcu- DE cross-section
lation by Wolniewicz[25], the H and He atomic states cal-
culation by Miller and Schaefd6], and data from Huberg 210" . i
and Herzberd27] to calculate the zero-point eneigy D e

The solid line in Fig. 9 shows the projected distance dis- <
tribution calculated according to formul®) for a kinetic
energy release of KER1.49 eV. Itis in excellent agreement
with the measured spectrum. The energetic uncertainty of
this result corresponding to a distance resolution of 0.25 mm
was estimated to be about 0.2 eV in that energy range.

The kinetic energy release for the dissociative recombina- :
tion of ‘HeD" ions atE, ,,=0 eV has been measured only by
the TARN Il group[11]. They estimated the KER on the
level of 1.0=0.5 eV using a simple detection technique. 0 10 20 30 40
Their estimation is in agreement with our result.

The present result indicates that at a collision energy close Electron energy (eV)
to 0 eV, the dissociation dfHeH" ions results primarily in
excited H (n=2) fragments[no distribution corresponding FI_G. 10. Dissociative excitation dHeH" for collision energies
to the Her H(n=1) limit]. The lack of any structure at larger anging from 1to 37 eV.
distances excludes vibrational excitation in the stored ions.

The spatial distribution of the DR fragments is isotropic. ~ Periment by Yousif and Mitchell4] and by theoretical cal-

The present result confirms an assumption that the DRgulations[29]. The cross section was found to have sharp
being a nonadiabatic process, leads to the channels nearestfii@xima at 20, 26, and 38 eV. We find the cross section to be
energy. It is in agreement with Guberman's calculationgMore or less constant at a level of 2.6-218 ' cn be-
[13,14 performed with the MQDT approach. These calcula-tween 21 and 37 eV.
tions show that the€?>," state is the dominant dissociative  Of course, the energy region of interest also contains Ry-
channel resulting in excited n=2) fragments. At dberg series converging to these excited ion states. Electron
E.m=0.001 eV the calculated cross sections for DR alongcapture into these states leads to the formation of doubly
the two lowest neutral statéX?s" and A% ™) are three to excited neutral HeH, which can undergo autoionization, dis-
four orders of magnitude smaller than 163" state. sociative autoionization, or dissociatif?l]. Indeed, at these

Our result is contrary to the calculations carried out byenergies also the DR results show an appreciable cross sec-
Sarpal, Tennyson, and Morgaii2] using the R-matrix  tion. The indirect mechanism, electron capture followed by
method. This theory predicts an opposite tendency in thélissociative autoionization, is very probably responsible for
branching probabilities belowE, ,=0.06 eV: the cross reaction(10a, i.e., the production of HeH™ above 10 eV.
section to thex?s, " ground state is over an order of magni- We note that the energy required to reach an excited ion state
tude |arger than to the h|ghe|’ |y|ng22+ and C22+ states. dissociating to a neutral helium and a hydrogen ion in a
Contrary to Guberman'’s predictions, it has also been fore\/el'tica| transition is about 30 eV coinciding with the second
seen that between 0.06 and 0.8 eV DR through ARE* maximum in the He-H* channel. The dissociative excita-
state dominate over DR through tl¥3" state. Since both tion starts at 10 eV, very close to the rise of the high energy
states result in the same dissociation lifitke+H* (n=2)], resonance in the DR reaction, which clearly points at a com-
they cannot be distinguished experimenta”y_ mon Origin. Dissociative excitation in that region Competes

The measured data confirm that high DR cross section#ith DR since there is a probability that the doubly excited
can be found iffHeH" in the low energy range where there neutral molecule can autoionize before dissociation. Calcu-
is no crossing of double excited, neutral potential curvedations by Orel and Kulandef30] with the same neutral
with the ion curve. The explanation suggested by Yousifstates as the ones used to reproduce the high energy DR peak
et al. [28] associates the relatively high DR cross section21] give excellent agreement with the experimental data
with the metastablea 33" state. Since the kinetic energy With respect to the position and shape of the first maximum.
release in that case is close to 0.2 eV, one can exclude thighe calculations overestimate the cross section by a factor of
suggestion on the basis of out KER data. 2, compared with the experimental values.

2x10™"7

Cross section (cm

1x10™"7 U

C. Dissociative excitation V. CONCLUSIONS

The cross sections for the two different dissociation chan- The noncurve crossing mechanisfdenoted tunneling
nels(10a and(10b) are presented in Fig. 10. mode by Bate$31]) of dissociative recombination has been

First we examine the proces40b). The cross section confirmed quantitatively by measuring absolute DR cross
shows a steep rise at 16 eV, considerably above the energetiections over a large collision-energy range4deH". The
threshold, and reaches a plateau at around 24 eV. This coiebserved resonance structure at low energy does not give a
cides more or less with the vertical excitation energies fronpreference to any of the two existing theoretical predictions
the ground state to the first excited ionic sta#e& " and using an R-matrix method[12] and an MQDT method
AlS7 (16.8 and 25 eV, respectivelyDissociative excitation [13,14. Product state information obtained at threshold sup-
has been studied before in a single-pass merged-beams eorts the predictions by MQD[13,14] that the formation of
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