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Experimental data are presented from three different heavy-ion storage(ASFRID in Aarhus, CRY-
RING in Stockholm, and TSR in Heidelberp assess the reliability of this experimental tool for the extraction
of absolute rate coefficients and cross sections for dissociative recombif@BynThe DR reaction between
HD* and electrons has been studied between 0 and 30 eV on a dense energy dridligpRys two
characteristic local maxima in the DR rate around 9 and 16 eV. These maxima influence the data analysis at
smaller collision energies. We conclude that resonant structures in the DR cross sections are reproduced among
the experiments within the collision energy resolution. The absolute cross sections agree within the systematic
experimental errors of 20% related to the measurement of the ion currents. Absolute thermal rate coefficients
for HD" ions are given for an electron temperature range of 50—-300 K. Results for the DR cross section and
the thermal rate coefficients are compared to recent theoretical calculations including rotational effects, finding
satisfactory agreement.
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[. INTRODUCTION action with molecular nitrogef3] is responsible for escape
of nitrogen atoms from Mars; DR also leads to airglows in
Dissociative recombinatiofDR) has been a subject of the terrestrial atmosphere such as, fgr,y the subsequent
research for more than 50 yedts now. In a DR event, a  (s) green light emissiofi4,5].
molecular ion captures an electrowith energyE) forming DR of molecular hydrogen serves as the prototypical DR
an intermediate doubly excited neutral molecule that rap'dMeaction In spite of its apparent simplicity, being a one-
dissociates intgpossibly exciteglfragments; for a diatomic electron system, DR of H is theoretically challenging. Al-

molecule AB" + e (E) - AB** —A* +B* +E,. The sym- . : .
bol E, stands for the kinetic-energy relead€ER) given to though theory_ IS ma_kmg progre$8—8], it cannot yet be
gsed as am priori reliable standard.

the fragments. The total energy set free by the dissociation i _ o .
g 9y y d Experimental research on DR initially used stationary af-

shared between the excitation energy of the fragments an ; i )
their kinetic energy. terglow technique$9]. Later, flowing-afterglow instruments

DR is an important process in low-temperature astrol10l, crossed beamd1], and single-pass merged beams ar-
physical plasmas. In particular, in interstellar clouds manyangement§12] have been employed. The first DR signal
molecules are formed by reactions involving molecular ionsfrom molecular ions at a heavy-ion storage ring was reported
and a good understanding of the DR process is required ttor H, ions at the TARN Il facility in Tokyo in 199113].
predict the abundance of many molecular species in this erFhe suggestion to use a heavy-ion storage ring as a multiple-
vironment[2]. In planetary atmospheres, DR is a sink of pass merged beams setup and to employ the cooling of in-
thermal electrons and the large exothermicity of the DR reternal degrees of freedom by radiative emission during the

beam storage was also put forward in 1992 by Datz and
Larsson[14] in a discussion of HeH. These preliminary
*Present address: Department of Molecular and Laser Physicstudies were followed by initial storage-ring experiments

University of Nijmegen, Nijmegen, The Netherlands. dedicated to molecular recombinatiptb—17 and an inten-
TPermanent address: “partment de Physique, Universite sive molecular DR program in four heavy-ion storage-ring
Catholique de Louvain, Louvain-la-Neuve, Belgium. facilities. The rings are ASTRID18] in Aarhus, CRYRING

*Present address: Atomic and Molecular Physics Laboratoried,19] in Stockholm, TARN 11[13] in Tokyo, and TSR 20] in
Research School of Physical Sciences and Engineering, Australidreidelberg. All four setups have been able to determine ab-
National University, Canberra, Australia. solute DR cross sections and rate coefficients for vibra-
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Electron cooler

tionally cold species. At present, the heavy-ion storage-ring

Storage ring

R ; ; iatri H ! Collector  Electron gun
technique also_ provides the internal state distributions of the // 2 / bending magnet Sl rnels L
fragments or, in the case of molecular fragments from the '/*Q, / ol s

",

DR of polyatomic molecular ions, the branching ratios for
the different product channels.

i

Cooled and stored

Among the numerous species studied so far, the molecula Neggélcft:)argmem 18 o maghets molecular ion beam
ions H;, H;, and HeH and their isotopomers have been
studied in most detail. Peart and Dolde1] performed the FIG. 1. Schematic layout of the merged beams arrangement

first ion-beam experiments. Phaneef al. [22] measured used for electron-ion recombination measurements at ion storage
partial cross sections. McGowan and co-workers have studings, showing the electron cooling device, magnetic elements of

ied H; using a high-resolution merged beams set-ip). ;2?;?:2;;22} ar;oé;l/e :gﬁastig?aotet:}ﬁ n?_‘;téal fragment detectors
These authors recognized that the vibrational population in 9 y 9 9 '

the H, ion beam affects the DR yield. They devised methods In this paper, we present a comparative study performed

to quench the vibrational excitation prior to acceleration ofg; three ion-storage rings. Since the experimental parameters
the ions[23,24. Since storage rings can routinely store ionsang procedures at the three setups differ in many details, the
for periods of many seconds, those molecular ions that argsjiability of the storage-ring technique in producing absolute
infrared active, such as HD the subject of this paper, will ¢ross sections and energy dependences for the DR of mo-
lose rovibrational excitation energy by emission of radiation.jecular ions can be verified. Uncertainties in the initial con-
In 1993, the first measurement of tfrelative) cross sec- ditions are largely eliminated through the efficient radiative
tion for the DR of HD" in a heavy-ion storage ring was cooling of the HD' ions. Moreover, consolidated DR data
performed at TSR16,25. Experiments following that con-  for the hydrogen molecular ion and its isotopomers are of
centrated on the local maximum in the cross sectiofE at particular interest for benchmark comparisons with existing
~9 eV and on the effects of the different isotopomers Ofand future theoretical calculations.
hydrogen([6,7,26. The excellent collision energy resolution  |n the following, the experimental procedures applied at
of the storage rings was exploited in studies of the resonanag@e various storage rings are described. Then the absolute
structure at low £<0.1 eV) collision energy27,28. The  cross section data from the different experiments are com-
sensitivity of these instruments was used for a detailed studgared with each other. The extraction of thermal rate coeffi-
near the minimum of the cross section arolind1 eV[29].  cients for the low-energy DR is discussed and joint results
Experiments have addressed directly and indirectly the vibragre given where possible. We conclude with a comparison
tional state dependence of the DR cross sections. lagainst previously published results and recent theoretical
ASTRID, photodissociation of H has been used to modify calculations.
the vibrational population, and clear indications were found

of a strong dependence of the DR rates on the vibrational Il. EXPERIMENT
state[26,30. At CRYRING, observations of time-dependent
DR rates during rovibrational relaxation of the ions have A. General aspects

been interpreted qualitatively in terms of state-specific cross Three ion storage rings participated in the present com-
sectiong31]. At TSR, the Coulomb explosion imaging tech- parison by performing dedicated measurements; ASTRID at
nique provides a direct access to the vibrational populationgrhus University (Aarhus, Denmark CRYRING at the
of the ion beam, and vibrational state-specific cross section§janne Siegbahn Laboratofgtockholm, Swedenand TSR
were reporte(j on HD [32,33. at the Max-Planck-Institut fuKernphysik (Heidelberg, Ger-
DR of HD™ is an ideal benchmark system for absolute-many). As an example, the configuration and dimensions of
cross-section measurements. HMisplays a highly struc- TSR are given in Fig. 1. The scale and layout of all three
tured cross section, which can be used to trace differences iﬁhgs, storing the ions at MeV energies, are comparable in

the collision energy scale determination. The vibrationalspite of several differencesee Table)l In all three rings,
modes of HD' are infrared active, and full vibrational cool- jons are created in an external ion source and, after extrac-
ing down to room temperature, with negligible population intion, transported into the ring through a magnetic beam line.
excited vibrational states, is achieved in less than 1 s. Thlﬁt TSR, the ions are accelerated to the final energy prior to
relaxation of the ions prevents differences in the acquireghjection into the main ring, which enables the measurements
data that could arise from the different ion sources used iflg start as soon as the beam orbit is stabilized. (ms). At
each of the rings. Even rotational relaxation takes place to ASTRID and CRYRING acceleration takes place after injec-
large extent within the used storage times; the decay time i§on, using a radio-frequency field. The stored ions merge in
shorter than 1.6 s for all rotational levels>3 [34]. The  one section of the ring with an intense monoenergetic
absence of radiative decay channels excludgsasia simple  electron-beam, which is much wider than the ion beam and
benchmark system, since the internal state of tjeibhs  guided by a longitudinal magnetic field. The electron beam
would then be dependent on the local ion source conditionglevice is called the electron cooler. At the two ends of the
However, it has been shown recently that vibrational relaxelectron cooler, where the beams merge and separate, the
ation does occur through superelastic collisions with theslectron beam is deflected in toroidal magnetic sections with
electrons in the electron targed5). radius r;, directly connected to both ends of a straight

042702-2



ABSOLUTE HIGH-RESOLUTION RATE COEFFICIENS . . .

PHYSICAL REVIEW A 68, 042702 (2003

TABLE I. Parameters for the HD DR measurements at the three ion storage-ring facilities.

Item Symbol ASTRID CRYRING TSR Unit
Ring circumference C 40.0 51.7 55.4 m
lon-beam energy E; 3.0 3.0 2.0 MeV
lon-beam 1¢ lifetime 7.5 6.5 24 S
Measurement time interval 8-15 5-8 10-15 S
Detector size (5 6° 4(6)° cm
Detector distance 7 4 6.5 m
Electron thermal energy kTe, 22 2 4.5(28)¢ meV
Electron density Ne 4.1 5.6 2.619° 10°cm @
Electron-beam radius a 10.6 20 259.5¢ mm
Solenoid length Lsol 1.0 1.10 1.50 m
Toroid bending radius re 0.4 0.41 0.8 m
Electron guiding magnetic-field stren§th 36 30 21 mT
Storage-ring dipole magnetic field strength 0.38 0.40 0.31 T
Field ionization limif Ne 9 9 10

#Time after injection.

bRadius.

%Vertical (horizonta) dimensions.

dFrom center of electron cooléapproximati
fWide-beam(narrow-beamsettings(see Sec. I C B

fAt the cooling energy E4=0; see Sec. Il A

9Longitudinal magnetic field present in the interaction region.
ACritical quantum numben, (see Sec. Il B

magnetic-field section produced by a solenoid of lergg. distribution follows from that of the relative electron-ion ve-
The geometrical parameters are different for the three ringkcitiesv. The distribution of the relative velocities has been
as listed in Table I. found [37-39 to be well represented by the anisotropic
The electrostatic interaction between electrons and ionMaxwellian
results in phase-space cooling of the ion be&®] at the
expense of the very low temperature of the continuously re- - m [ m mvf m(v”—vd)2
newed electron beam. The electron cooler also serves as aﬁ(”d’v)z 27kT, 27-rkTHeX N 2kT, N 2kT, '
electron target for the DR experiments. When the mean ve-
) . . 1)
locity of the electrons is equal to that of the ions, near-zero
collision energies are obtained. The typical ion-beam diamwhere v, and v| denote the transversal and longitudinal
eter after phase-space coolingd® mm, much smaller than components, respectively, of the relative velooft)and T,
the electron-beam radius in the various set(ifzble ). The  andT| are the temperatures associated to the relative motion
cooling energy at the center of the electron beam is easilin the respective degrees of freedom. As the ion beam is
found by optimizing the strength of the DR signal itself, phase-space cooled, the dominant velocity spread regarding
since the DR cross section increases strongly towards zetbe relative motion is that of the electrofes characterized
collision energy. By tuning the velocity of the electrons awayby the temperature$,, andT of the electron beam in its
from the “cooling” velocity, DR can be studied at very well comoving reference framehence,T, ~T,, and T~Ty.
controlled collision energies over a wide range of energiesThe electron temperatures in the transversal and longitudinal
The electrons can be both accelerated and decelerated witlegrees of freedom are decoupled by the guiding magnetic
respect to the ion beam, to achieve the same center-of-mafield of the electron-beantsee Table ). The longitudinal
collision energy. electron temperature is strongly reduced as compared to the
At a given setting of the electron acceleration voltage, thecathode temperature<0.1 eVk for the thermionic cathodes
average velocity of the electrons with respect to that of thaised hergby the spatial expansion of the electron ensemble
ions is directed longitudinally, along the direction of the two that takes place during the electron-beam acceleration, reach-
beams(assumed to be collinearand is denoted by the “de- ing beam energies of 550 eV for ASTRID and CRYRING
tuning” velocity vy. From this velocity the ‘detuning en- and ~360 eV for TSR. This kinematical effect due to the
ergy’ Eq=(m/2)v3 is calculated(where m is the electron acceleration is partly counteracted by electron-electron inter-
mas$; vy and E4 are in fact controlled by the acceleration actions[40]; the resulting longitudinal electron temperature
voltage of the electron beafthe ion-beam velocity remain- typically amounts tokTg~1X 10 % eV. The transverse
ing fixed). The electron energies for individual collisions  electron temperature can be reduced with respect to the cath-
show a statistical scatter with values closeEp, and their ode temperature through an adiabatic magnetic expansion
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[41,42 of the electron-beam. The electron beam devices emso-called ramp method. Both types of energy variations have
ployed at the three storage rings use different magnetic exproven to be well suited for high-resolution experiments on
pansion factors yielding the transverse electron temperaturedectron-ion interactiofi43,44] and primarily differ in tech-
listed in Table I. nical aspects. In all three rings, the relative cross sections are
The validity of Eq.(1), with typically Ty<T, , was veri-  obtained by normalizing to some reference, either the back-
fied experimentally in a single-pass experiment mergedyround count rateR, or Rp or the signal count rate at the
beams experiment by the Aarhus grol§¥] and by later cooling voltage. The absolute-cross-section determination re-
storage-ring experimen{s8,39, using narrow recombina- quires a calibration through a simultaneous measurement of
tion resonances of atomic ions. The velocity distributionthe respective reference count rate and the ion current. Dur-

f(vd’,;) of Eq. (1) generally leads to an asymmetric broad-ing the DR measurement the ion current must be kept at
ening of a sharp resonance in the observed energy dependenf0—-100 nA as otherwise large DR count rates would cause
cross section, a resonancet, being broadened bkT, damage_to t_he particle detector_s. On th_e other hand, the non-
towards the low-energy sideEG<Eq,) and, in addition, destructive ion current measuring devices available at TSR

symmetrically with a width[full width at half-maximum and CRYRING typically operate in current ranges @f.
(FWHM)] of 4(E4kTjIn 2)Y2 around Ey, [37,43. As the  Therefore, the calibration at these facilities was performed in
broadening effect of the longitudinal temperature scales a8vo steps either by an intermediate sigfféc. 11 C 3 or by
«EY?, it dominates the observed resonance shape at endiMe extrapolation(Sec. 1l C 3. At ASTRID (ion current
gies above the IimiEdsz2/2TH. This yields, for example, sensitivity down to 50 nADR and ion current signals were
at CRYRING (see Table )ll FWHM energy resolutions of directly available at the same time. In all experiments the

~10 meV and~33 meV forEq=0.1 eV and 1 eV, respec- constancy of the residual-gas pressure was verified by

tively, while a resolution down to the transverse thermal gnYacuum measurements; the calibrations of the reference

ergy ofkT, =2 meV is achieved only foE,=<0.02 eV. COL_lnt rz_ites were repeated at different tlmes._The ion current
The neutral DR fragments do not follow the ions in the calibration introduces the largest systematic error to the

first dipole bending magnet after the electron cooler and ar@?sﬁlﬁe cr?ss'llst_ectlon scale, which is estimated t B@%
monitored by detectors located on a parallel line drawn fronftt &' three faciities. , ,
Contaminations of the stored HDbeam by isobaric K

the axis of the electron cooler. The KER given to the frag-, X i
ments causes them to be slightly scattered away from thionS were avoided at CRYRING and TSR by producing the
axis of the ion beam through the cooler, and the size of thé®"S _from HD gas in electron-impact ion sources. At
detectors has been chosen such that all fragments are d@STRID a mixture of H and D, gas was used in the ion
tected. The high energy of the ion beam makes it possible t8°Urce; and its opgratlng conditions were chosen such that no
have unity detection efficiency with solid-state detectorsSignificant production of B was observed. The absence of
Furthermore, the resolving power of the solid-state detectoran Hy contamination in the stored beam was verified experi-
makes it possible to distinguish DR everitiepositing the mentally at CRYRING 28] using a combination of grids and
full beam energy of the HD ions for each evehtfrom the  absorbers installed in front of the solid-state detector. At
most prominent form of background. These background proTSR, the Coulomb explosion imaging technique used in vi-
cesses produce H or D atomglus undetected ionic frag- brational state-specific cross-section measureni8gi83 is
ment$ through the destruction of the HDions in collisions ~ sensitive to H contaminations but none were observed.
with residual-gas and, at higher electron collision energiestrom these findings and diagnostic measurements ahy H
via electron-induced dissociative procesggissociative ex- contaminations are estimated to be below the percent level.
citation). Typical residual gas pressures in the rings are in the (b) Results for the experimental cross sectidfor

10" mbars rangémainly Hy). The detector signals at 1/3 packground-subtracted count rat@g, p of recombination
or 2/3 of the beam energy yield reference count ratles  eyents with their associated values of the ion curterind

noted byRy and Rp, respectively which allow the DR the electron densitp,, as determined for all detuning ener-
counts to be normalized to the instantaneous relative ion cugiesg,, the experimental recombination rate coefficieris

rent. Absolute measurements require in addition a calibratiogptained on an absolute scale as
of the reference count rate versus the absolute ion current.

§H+D v —
Nine - LlineRH-i-D’ (2)

B. Experimental details #(Eg)=(ov)=

The three experiments differ in the details of their proce-
dure and data analysis. The general character of the proceshere, in additionp; denotes théfixed) ion-beam velocity
dures and some of their common aspects are discussed in thad N; denotes the number of ions in the interaction region
following. of lengthL [see remarks oh following Eq. (5)]. No detector

(a) Variation of the electron collision energy and normal- efficiency factor is used as the geometric and electronic in-
ization of the signals to obtain absolute cross sections anefficiencies of the detection system are estimated to be neg-
rate coefficientsThe experiments at ASTRID and TSR use ligible within the overall absolute calibration error of
sudden changes in the electron beam energy, the so-called20%. The angular brackets indicate the averaging over the
jump method, whereas, in CRYRING, the electron beam enexperimental electron velocity distribution inherent to the ex-
ergy was slowly and continuously ramped up and down, thgerimental procedure. The rate coefficient is measured as a
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function of the detuning enerds ranging from~10"% eV samples also the cross section for detuning enekgjdarger

up to ~30 eV. Over most of this rangg, largely exceeds thanEy. As the DR signal is evaluated according to E2).

the thermal velocity spread of the electron beam and henc#ith the straight beam overlap length, neglecting the
the electron energies are distributed in a narrow band close feends, these contributions wilhy,>E4 add to the measured
Eq. It is therefore reasonable to derive the absolute experitate coefficient. In particular, the presence of a strong feature
mental cross section d&v)/vg, dividing the observed ab- N the Cross section at high collision energy, as found for the
solute rate coefficient through the detuning velocity. NarrowPR of HD" and many other species, has a significant effect

structures in the true cross section appear folded with th{-.2n the observed cross section at lower energies. These con-
. . on appea . ributions are modeled by describing the detuning energy in
effective collision energy resolution in this experimental

cross section. Only at small detuning velocities, if the coIIi—the bent regions by a functidgy(x,Eq) wherex denotes the

sion energies approach the temperature of the electron beaJ:ﬁ,ng":Udm‘_"1| posmo.n along th_e ion beam. The function
do larger differences between the experimental values anfid(X;Eq) is essentially determined by the angiéx) be-

the true cross sections become noticeable. No deconvolutidi¥€en the electron and the ion beam and the laboratory ve-
procedures have been applied in this paper. locitiesv andv; of the two beams according to

(c) Dete_rmlnatlon of the absolute collision energy scale. B (x,Eq) = Eq+mu v 1—cosf(x)]. &)

The detuning energ¥, follows [43] from the laboratory

energies of the electron and ion beafsandE; . The labo-  Settingx=0 at the mechanical connection between the sole-

ratory electron energ, varies with the radial distance from noid and the toroid regionx(>0 within the toroid of radius

the center of the electron beam due to electron space chargg), 6(x) would be ideally described by

Hence E, is obtained from the electron acceleration voltage

including a space-charge correctip4B]. The energyE; of cosO(x)=1N1+(x/ry)* )

the ions is monitored by measuring their revolution fre-for x>0 while §=0 for x<0. A real situation with a steady

quency in the storage ring, yielding relative and absolutgariation of the magnetic-field curvature is described by a

accuracies of~ 10‘4.and le_‘Q', respectively. The zero gmoothly increasing functiod(x) betweenx,;<0 (begin-

point of E4 can be fixed within<10™* eV by finding the  ning of significant field perturbation within the solenpahd

cooling energy, as discussed in Sec. Il A. Xmax>0 (point within the toroid where the ions cease to be
The measurement of the revolution frequency of thegyeriapped with the electron beanThe correction to the

cooled ion beam is also used for centering the ion beamgte coefficient is applied iteratively using the relat[ds]
inside the electron beaftypically to within 2 mmnj, varying

the lateral displacement between the electron and the ion
beam until the local electron energy seen by the ions, as
influenced by the electron space charge, and hence the ion
revolution frequency assume a minimum. While the totalHere, the starting value of the iteration is obtained from Eq.
space-chargshift of the electron energy is significant, the (2) settingL =Lg,+ 2X,i, (corresponding to the portion of
collision energyspreadintroduced by the space-charge pro- the overlap length assumed to be exactly straight, i.e., where
file of the electron beam remains small compared to the theiE,=E,). The factor of 2 in Eq(5) describes the two sym-
mal broadening discussed following E@), owing to the  metrically arranged toroids. Using this basic approach, the
small size of the cooled ion beam. The estimated spacesorrections of the measured cross section for this effect are
charge effect on the collision energgcaling as<Eg? for  performed in slightly different ways in the three experiments,
radial shifts of<2 mm is <10 meV at the typical electron as explained below referring to the “toroidal correction.”
density (16 cm™3) and atEq=1 eV; this is small in com- (e) Correction of the experimental electron collision ener-
parison with the thermal broadening estimated in Sec. Il A.gies to account for changes due to the friction (or drag force)

Partial compensation of the electron space charge magxerted by the electron on the ion beahhis interaction is
occur by trapped residual-gas ions, which can affect the aable to change the ion-beam velocity, and is of particular
curacy of the energy scale for larger detunlg. In CRY-  importance when applying a voltage ramp, such as in the
RING a semiempirical formula is employed for this correc- method used at CRYRING. Similarly, in the procedure ap-
tion, whereas in TSR and ASTRID clearing electrodesplying voltage jumps, shifts of the ion velocity that smear the
prevent accumulation of thermal positive ions at the center otructure of the cross section may appear if the detuning
the electron beam so that the full space charge can be asnergy is small. Generally, the friction can introduce uncer-
sumed when findindg, . tainties in the exact size of the detuning energy Eat

(d) Correction for the bending regions of the electron <10 3 eV.
beam at the beginning and the end of the interaction region. (f) Considerations of field ionization of recombination
In the regions of the electron cooler where the ion and elecproducts in the bending magnet after the electron codfer.
tron beams merge and separédee Sec. Il Athe angle be- product atoms are formed in high Rydberg statekich be-
tween the beams differs from zero and with increasing angleomes possible at collision energies abeve eV) this pro-
the collision energy between the ions and the electrons ineess may lead to an underestimation of the DR cross section.
creases rapidly45]. Hence, at each detuning enerBy as  Table | shows the cutoff principal quantum numbegifor the
set by the electron acceleration voltage, the DR signathree rings, as calculated from the motional electric field

B =By - L[ e Eyx ENIx (®

Xmin
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seen by the fast neutral fragments when passing the bendingth determination of the energy scale, the electron energy
magnet. The cutoffi. is determined as the smallest integer was ramped to be symmetrical around the cooling energy. As
> (16F) Y with F in atomic units, corresponding to the in ASTRID, the DR and background count rates were moni-
saddle-point limit for field ionizatiori46]. The rather large tored with two MCS cards. At CRYRING the absolute ion
values ofn. indicate that only small corrections should occur current is determined with an estimated accuracy of 20%
due to field ionization. Further discussion follows in Sec. IV.using a current transformer, and the current and the beam
lifetime are measured simultaneously. The proportionality
C. Procedures of the individual experiments factor {=Rp/l; is determined by monitoring the background
count rateRp after a number of ion-beam decay times and by
1. ASTRID extrapolating the ion current measured at the beginning of
Results reported here from ASTRID were obtained bythe storage cycle to the time of the count rate measurement.
chopping the electron-beam current on and off. DR event$ this process it is verified that the beam lifetimes from the
(appearing at full beam energand background event$i current transformer and from the MCS are the same.
counts at 1/3 and D counts at 2/3 of the full beam eneagg At CRYRING the space-charge correction to the electron
collected simultaneously by feeding the detector signals int&nergy is determined empirically. For this purpose, first the
three single-channel analyzé®CA). Their upper and lower €lectron acceleration voltage. at cooling(i.e., at matched
discrimination levels are set by comparison with the com-€lectron and ion velocitigsenergy is found by optimizing
plete pulse height spectrum recorded with a separate multthe strength of the DR signal itself. The velocity of the
channel analyzer. The outputs of the SCA then enter a mulcooled ion beam, and hence the laboratory electron energy
tichannel scaleiMCS) together with the digitized electron E. in the overlap region, is established accurately by mea-
current. suring the orbiting frequency of the ions and using pick-up
The absolute value of the rate coefficient is obtained, for @levices in the ring to find the circumference of the ion orbit.
fixed detuning velocity, by recording the DR signal, the elec-The laboratory electron energy at cooling thus derived is
tron and the ion currents simultaneously, as a function of th€éompared to the corresponding cathode voltage in order to
time after injection. Indeed, the ASTRID current transformerdetermine the amount of space charge in the electron beam,
gives reliable values down to 50 nA, with an estimated un-using the general expression for the space-charge correction,
certainty of 20% at this low value.
The analysis of the rate coefficient data-ed.3-3 eV, in ~ Ee=€Uc— (le/eve)remc1—Nogy(ve)][1+2 In(b/a)].
particular, requires that the so-called toroidal correction be )

applied to account for the regions in the electron C°°|erHere,b is the inner diameter of the vacuum tutibe refer-

where the electron beam is bent in to and out of the CF’Oleénce for ground potentigla is the diameter of the electron
(see Sec. Il B AtASTRID, results were corrected by using poam andr, is the classical electron radius: the factor
Eq. (3) with the idealized dependence of the magnetic field

AL . i Nog,(ve) corrects for the presence of positive ions in the
direction #(x) of Eq. (4). The iterative procedure of EGS)  gjectron beam and is proportional to the electron-impact ion-
(using X,,in=0) was also compared to a different procedure

k = ization cross sectiowrg,(v,.) of the residual gas. The elec-
making use of the fact that the DR rate coefficient become§ron velocity dependence of the terms in Eg).is taken into

negligibly small at high electron o With this aSSUmpccount in deriving the space-charge correction at electron
tion, starting at such a high Nener@é that the correction  gnergies detuned from cooling, solving this equation itera-
arising from detuning energids,>E{" can be disregarded, tively for the givenU andl,. As hydrogen is the dominant
the final corrected rate coefficients are obtained at all lowereomponent in the residual gas, the ionization cross section of
energy pointsE{’<E{" (i.e., for E{’ in descending ordgr H, is used forog,(ve) in Eq. (7).

directly as The correction procedure for the toroid effects at CRY-
RING was reconsidered for this work, applying a depen-
dence of the magnetic-field angh¢x) [cf. Eq. (3)] as deter-
mined from magnetic-field measurements at>Xq,
=-12.5 cm. The field angle caused by the toroid exceeds a
where the integral needs the corrected rate coefficient only atalue of 0.2 mrad ax>—11.5 cm.

higher energie€,>E{) where it has already been deter- In the voltage ramp method, a correction of the collision
mined. The results for(Ey) obtained by the iteration ac- €Nergy scale for the drag force is necessary. With a linear
cording to Eq.(3) and the one-pass sequential calculation”@MpP of the cooler voltage, the following formula corrects
according to Eq(6) were found to be the same. for the drag force:

2. CRYRING do;/dt=(n/M)(L/IC)F,(1). (8)

For the present experiments in CRYRING, the electronThe left-hand sidelv; /dt gives the variation of the ion ve-
cooler voltage was slowly ramped and the neutral particldocity with time; M denotes the ion mass and
count rates were recorded as a function of time during these (dv; /v;)/(dp;/p;) describes the storage-ring dispersion
ramps. (Previous experiments at CRYRIN{28] used the properties p; being the ion momentumF,(t) is the longi-
jump method as also applied at TSR and ASTRIDn help  tudinal component of the drag force which was taken from

. : 2 (Xmax ~ .
a(E&'))Za(O)(EE,'))—Ef a(B4(x,EV)dx,  (6)

Xmin
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experimentally verified theoretical expressions summarized As mentioned earlier, for the experiment at TSR the
in Ref. [36]. The magnitude ofy for CRYRING can be space-charge neutralization, arising from the accumulation of
found in Ref.[44]. slow ions in the electron beam, is prevented by the use of
clearing electrodes, in the downstream toroidal sections,

3. TSR which continuously remove the trapped slow ions. Further-
Jnore, at TSR, the space-charge conditions in the cooler were
verified in several earlier experiments on electron cooling
Oand on dielectronic recombination of atomic ions. Details
rggarding the determination of the experimental energy scale

been phase-space cooled and was continued for 10-15 s, S . :
with a typical injection cycle being-20 s long. TSR used g}st:v?lh'l;i{l?llgj:‘comblnatlon experiments have been described

the voltage-jump method, and the electron acceleration volt The electron-beam diameter and the transverse electron
age was switched every 25 ms between three values. qum erature in the interaction region are determined from the
first value yielded the desired detuning enelfgy for the P 9

: agnetic expansion of the electron beam. This expansion is
measurement. The second value was the cooling energy {pad b P

o . . . Iven by the magnetic-field strength in the electron gun. Two
maintain phase-space cooling of the ions. The third valud! . S
was chosen to be at a fixed detuning energy Ef, different settings were applied in the TSR measuremisets

=36.7 eV (reference energywhere the DR cross section is Table ). The wide-beam measurement offered very good en-

- f ” ergy resolution at near-zero energies, while the narrow-beam
nearly zero. The rate recorded in the “reference” phase rep- ay 9

resented thésmal) capture background from residual-gas measurement had the advantage of a much higher electron

- . density (210" cm™®), providing higher particle rates for
collisions and was subtracted_froRH+D(Ed) to yield the measurements at low cross sections. Furthermore, the over-

true recombination count ratyp(Eq). In the measure- |55 |ength in the bends was reduced from 41 cm with the
ment with the narrow electron beam, the third step of thgyide peam to 25 cm with the narrow beam and the excess
electron-energy cycle was chosen to be identical to the Senergies encountered in the bending regions became smaller.
ond one, as the true DR rate was much higher and subtragy the following discussion of the results, the TSR data
tion of the capture background was unnecessary. Online NoEnown in the comparison are from the wide-beam measure-
malization dgrmg the recombination measurement WaSnent (high-energy resolutionat E4<0.31 eV and from the
performed using the D fragment count rate at the referencg,row-beam measuremeithigh-electron density at Eg
energy,Rp(Eq,). The normalization factof=Rp(Eq,)/li  >0.31 eV. These two settings allowed an empirical check to
was determined separately, directly before and after the rg5e performed on the correction procedure for the bending
combination me.asurem'ent. The electn.c current prqbe Ca””?égions according to Eq5) by comparing the final results
be used to monitor the ion currehtcontinuously during the  fo; hoth measuring modes. All TSR data were corrected for
measutremelrg[ Ollaectausetzhthz ctzoutnt rlatetz a;‘_ ”][e tnecetzrs]sa}{ry AR contributions from the bending regions of the electron
current would destroy the detector. 'n the first Sep, e gy eam using a functiok 4(x,Eg4) (see Sec. Il ClLaccording

ger rateRgpy Of the TSR beam profile monitdBPM) [48] to measured magnetic fields &t X,i,=—15.0 cm, which
which counts ions produced in the residual gas by collisions__. min : ’

: : . ; oincides with the range where the field angle caused by the
with the circulating beam, was measured at low ion curren oroid exceeds a value of 0.2 mrad
simultaneously withRp(Eq (); this yielded the constarX, ' '
=Rp(Eq4,)/Repm. Then the silicon detector was protected
from the fragments, and the stored ion current was raised up
to a maximum of 2QuA by stacking the ions in the ring, and
No>=Rgpm/l; was determined, finally yielding= X\ {\,. Two A. DR cross section
measurements of the cross section have been carried out for
two different diameters of the electron beam to optimize forfu

either the energy resolution or the signal count rate. Th?he HD' ion beam are shown in Fig. 2. For reasons of clar-

f‘Wide-beam“ measurement was put on an absolute scale uﬁfy, the curves of CRYRING and TSR have been shifted up
ing Eq.(2).and the ion current derived fr?m the count Eateby one and two decades, respectively. Note the large dy-
Rp(Eq,) with help of the parametef. 'I_'he harrow-beam namic range of these measurements, both the energy and the
measurement was not a_bsolutely cal_lbrateq, and an ENer%¥%oss section spanning many decades; detailed comparisons
averaged DR cross section was obtained via between the datasets will be given step by step in the follow-
_ ing. Differences between the measurements due to the indi-
(ov)lvg=F Ry p(Eg)/Ry4p(Eg=0). (9)  vidual experimental parameters are expected to occur if the
detuning energies become similar to or less than the electron
Here, Ry, p(E4=0) represents the recombination rate meatemperatureEy=<KkT,, , cf. Table ). The experimental cross
sured when the electron-beam energy was cycled back aftsection{ov)/v4 then significantly differs from the true cross
each data point to the cooling ener@ye., detuning energy sectiono(E) because of the averaging over the finite colli-
E4=0). The overall normalization factdf was determined sion energy resolution. This leads to the suppression of many
by forcing agreement with the wide-beam measurement atructures in the cross section belevd.1 eV for the results
energiesEy between 5 and 12 eV. from ASTRID which, owing to the lower magnetic expan-

The general procedure employed at TSR was similar t
earlier DR measurements at this facilitgee, for example,
Ref.[47]). Data acquisition started after the injected ions ha

IIl. RESULTS

The absolute experimental cross sections measured as a
nction of the detuning enerdy, between the electron and
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FIG. 2. (Color online Overview of the DR cross sections T !
. ) LR ';é 4
(ov)lvy measured at the three storage rings as a function of the : v |
detuning energyE, . The curves have been shifted with respect to il il
each other for clarity as indicated. All smooth curves represent the 107° 107 - 10° 10'
p

folded model cross sectian(E) = A/E fitted to the ASTRID data at
low energy.

Detuning energy (eV)

FIG. 3. (Color online Overview of the DR cross sections, pre-

sion available, used a much higher transverse electron tenienting the scaled DR cross sectigg(ov)/vg from the three
perature than CRYRING and TSR. The lowest data pointé'ngs' For the energy values above 2 eV, the scaled DR has been

from ASTRID can be fitted very well by the folded cross
section{ov)/vy obtained for a smooth model cross section

multiplied by 0.1.

o(E)=A/E and the experimental electron velocity distribu- into account in the comparison. Considering the eIe_ctron
tion of Eq. (1), using the ASTRID electron temperatures emperatures of Table I, the lower observed cross section at
from Table I. The constanh of the model cross section is ASTRID below ~20 meV as compared to CRYRING and

determined from a fit to the ASTRID data to be TSRis clearly caused by the lower resolution of this arrange-
1.73x 10”7 cn? eV within a normalization error of-20%  ment. The CRYRING and TSR data show relatively sharp
(see Sec. Il B To guide the eye, the folded model CrOssfeatures(sge also Fig. 8 note the agreement in the positions
sections calculated with the same constAnbut with the and magnitude of the resonance structures, for example, near
respective electron temperatures of the other experiment§*1 meV and 152 meV. CRYRING shows an additional
are also shown for CRYRING and TSR. These convolutednodulation of the cross section at about 2 meV, which is
1/E cross sections pass through the resolved low-energy
structures E4=<0.1 eV) in a rather good approximation.
Considering that the rough overall variation of the DR
cross section follows a E/scaling, we present the data also
as the scaled cross secti@iy(ov)/vg versus the detuning
energy E4. Indeed, Fig. 3 much better shows the strong
variations of the DR rate at low electron energies. In the &

T T T T T T T T T T T T T T T T

CRYRING

T T T
Lol

TSR

ASTRID

high-energy region E4>5 eV), excellent agreement be- B .
tween the three independently calibrated measurements i 10
found; the differences among them are belet0%. The <X
low-energy structures are roughly consistent with each other §
but some quantitative differences also occur, which will be 10
analyzed below. In the following presentation we compare
the results in detail for three different energy regia@sthe
low-energy region below 400 me¥h) the valley region be-
tween 100 meV and 2 eV, where the cross section is minimal,
and (c) the high-energy peaks above 2 eV.

We begin by the low-energy region. Figure 4 shows a

comparison between 0.1 meV and 400 meV, presenting the

-18
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unscaled experimental cross sections. Here the differences in FIG. 4. (Color onliné Comparison of the measured DR cross
collision energy resolution at the three rings must be takerections in the low-energy region.
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107° 107° 107" FIG. 6. (Color onlind DR cross sections measured at interme-
Detuning energy (eV) diate energieg0.2—5 eV). The mark near the TSR data indicates the

. . limit between the energy ranges where for this facility data from the
FIG. 5. (Color onling Comparison of the low-energy DR cross ,.qa_alectron beam(detuning energyE,<0.22 eV) and the
sections measured at ASTRIR) and at TSR(b) with folded data narrow-electron beam are displayed

from the other experiments using lower energy resolution. Curves
for folded data are marked by the estimated final transverse electron
temperatures obtained after the foldifsgpe text Next, we compare the valley region of the cross section
between 0.2 eV and 2 eV, i.e., regidn). The cross sections
absent in the TSR data. A higher-lying structure atir! this region, obtai_ned from the three rings, are shown in
~150-200 meV appears not only for TSR and CRYRINGFig- 6. The DR rate is much smaller than at lower and a]so at
but also in the ASTRID data. In Fig.(& convoluted data higher energies, so that long measuring times are required to
from CRYRING and TSR are compared with the ASTRID obtain sufficiently low statistical scattering. All three data
dataset. The convolutions were chosen to obtain the finaiets are consistent regarding the overall shape of the cross
transverse temperature of the ASTRID measurement; as f&eCction and, more or less clearl.y,.show a thresholdlike behav-
Maxwellian convolutions the temperatures are additive, thdOr in the cross section at a collision energy-of.1 eV. The
transverse temperatures for the additional convolutions wer@OUP at TSR has remeasured this part of the spectrum and
chosen to be 20 meV and 17.5 meV for the CRYRING andound that the cross section reveals characteristic structure
the TSR data, respectively, to simulate a total transverse terf€lated to the opening of new dissociation limj9], of
perature of 22 meV in both cases. The sizes of the two artiwhich the lowest one, at 1.1 eV, corresponds to the opening
ficially convoluted cross sections agree reasonably well wittPf the channel with one of the hydrogen atoms excited to
the ASTRID data. However, it is seen that the peak structuré=3- i )
at ~150—200 meV even after the convolution procedures is The presence of the strong and wide high-energy reso-
still more narrow at TSR and CRYRING than at ASTRID; hances adjacent to the valley region can cause significant
this may indicate that the transverse temperature foeffects in the measured rates from the toroid regions of the
ASTRID is underestimated significantly. It is also seen thatlectron cooler, where the ions interact with electrons of
the convoluted TSR and CRYRING cross sections agree welfigher energiessee Sec. Il B The size of the correction is
in their structure, while the TSR cross section is substantiallgssentially determined by the length over which the shifted
higher than that of CRYRING, the difference reaching up torelative energyey(x,Ey) [see Eq(3)] lies in the range of the
40%. high-energy resonance and has to be estimated with high
In Fig. 5(b) the CRYRING data were convoluted using a accuracy if the recombination rate at the measurement en-
transverse temperature of 2.5 meV, which should yield theergy E4 itself is small. For the TSR data, the size of the
temperature of 4.5 meV expected for the TSR measuremertproid effect and its correction are illustrated in Fig. 7. The
and compared to those data. This flattens out the modulatiomncorrected data obtained with the wide and the narrow elec-
at~4 meV and broadens the peaks at 8 and 15 meV as welton beam(cf. Table ) differ considerably from each other
as higher-lying structures up t850 meV in the CRYRING [Fig. 7(@)]. This can be well understood from the different
data, further improving the agreement between the shapes &ngths over which the ions see misaligned electroqg,(
the two cross sections, which reveal essentially the same fire19 cm for the wide and.=10.5 cm for the narrow
structure. Also here, the TSR cross section is significanthbeam and the corresponding large difference in the maxi-
larger than that of CRYRING with differences ranging up to mum excess center-of-mass enefg§ eV for the wide beam
40% below 0.1 eV. but only ~9 eV for the narrow beajm Hence, the uncor-
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FIG. 7. (Color onling Scaled DR cross sectidfy(ov)/vy mea-
sured at the TSRa) before andb) after the toroid correction. The
wide- and the narrow-beam data are shown as lighter and darker FIG. 8. (Color onling DR cross sectionéov)/vy measured at
traces, respectivelyOnline colors: cyan and red, respectivgly. high energieg4—-30 e\.

rected data differ by up to 100% at 0.3—1.5 eV. The finallimits of 20% estimated for the independent absolute normal-

results[Fig. 7(b)] are consistent with each other, althoughizations. For the DR cross section at the first high-energy

very different toroid corrections are subtracteg to 70% peak the experiments agree even within their statistical

for the wide, but less than 35% for the narrow beaffhis ~ errors (£0.2<10 ' cn?). The joint result, including

consistency for the two beam geometries gives a strong supe  20% overall normalization error, is (3.5

port for the accuracy of the toroidal correction in the TSR+0.7)x10 *" cn?; the peak position is found at 9.8

measurements. +0.2 eV. For the second high-energy peak the joint result is
Nevertheless the final results from the other experiment§1.3+0.3)x 10" " cn? at 16.6-0.2 eV.

somewhat exceed the TSR result. For ASTRID, using an

idealized field geometryEq. (4)] in the correction proce- B. Thermal rate coefficients

dure, the size of the toroid correction may be underestimated :

explaining the high level of these data. For CRYRING, use The measured energy dependent cross sections can be

of measured instead of estimated data for the geometry fun%sefglé?ndetwé%ﬂ\;ﬁ{? ZL rizﬁrgoiegfﬂggﬁe{ﬁ;;heengR 0;:';[5
tion A(x) brought a significant reduction in the final result, y 9 P 9y

but not down to the level of TSR. Altogether, in spite of bution. For a temperatur€ of an isotropic electron gas the

careful cross checks of the toroid correction procedure withir;[hermal rate coefficient(T) is related to the cross section

and between the different experiments, significant unex? (E) by
plained discrepancies remain in the final result for the abso- 4 "
lute size DR cross section in the valley regi@ee Fig. 6. an(T)= —f
This can be relevant for a detailed comparison with theoret- V2mmkT/Jo
ical calculations and for the thermal DR rate coefficients in
some ranges of higher temperature 1000 K), but should |n deriving thermal rate coefficients from the present experi-
be of less influence for DR rate coefficients in low- mental cross sections, the following aspects must be taken
temperature environments. into account. First, the measured cross sections actually rep-
For region(c), comprising the high-energy peaks, a com-resent the folded quantityov)/vy (see Sec. Il B and for
parison between the DR data from the three facilities iSow temperatures the experimental electron velocity distribu-
shown in Fig. 8. The increase of the cross section in thision [Eq. (1) with the respective experimental parameters
region is connected with the occurrence of a large Franckfrom Table | will have an effect if measured cross sections
Condon overlap between the HDvibrational ground state are directly inserted into Eq10). Second, the thermal rate
and the higher members of the doubly exci@gdserie49]  coefficients we obtain here hold for HDions with a rovi-
that also includes the (@r,)* 'S ; state mainly responsible brational excitation that does not follow the electron tem-
for the low-energy DR. Th&), states dissociate to various peratureT as would be the case in a plasma situation. Thus,
combinations of Hil) +D(1s) and H(1s) +D(nl) products. the electron energy range scanned in the present experiments
The second high-energy peak at 16 eV is due to formation ofvould allow thermal rate coefficients to be derived for elec-
doubly excitedQ, states dissociating to H{)+D(2l’) or  tron temperatures up to 4& or more, but such tempera-
H(21")+D(nl) atoms. In the high-energy region the datatures in a plasma situation would correspond to a high degree
from the three experiments agree well within the errorof vibrational excitation, while the present data are obtained

Ea(E)e‘E’de<kET) . (10
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thermal rate coefficients from E¢LO) using theA/E model
cross sections. Taking into account the estimated normaliza-
tion errors, the low-temperature thermal rate coefficients ob-
tained by this method areay=7.2(1.5)x10 ° cn?®
s 1X(300K/T)Y? for ASTRID, ay,=8.3(1.7)x10 ° cn?®
s X (300K/M)¥  for  CRYRING, and  ay
=11.7(2.4)x 10" ° cm®s X (300K/T)Y? for TSR. The
cross-section constat implied by the ASTRID result is
identical to the one used for the smooth curves in Fig. 2.
The agreement between the three experiments on the low-
energy rate coefficient is not as good as on the high-energy
cross sectior{Fig. 8); however, the results given above are
still compatible within the estimated errors. Hence, it appears
reasonable to extract the average of;,=(9
+2)x10° cm®s X (300 K/T)¥? as a joint result for the
thermal DR rate coefficient of HD ions in a temperature
range of~50-300 K.

IV. DISCUSSION

All three heavy-ion storage rings have evolved instrumen-
tally in the last few years. The mere fact that experiments
have been performed on the same molecular systems at dif-
ferent facilities has significantly increased the awareness on

experimental details. For example, toroidal corrections were
initially not applied to some dat@8,47). Beam drag, which
may shift resonances present at low energies to higher ener-
lines) and for model cross sections(E)=A/E folded with the gies, has been taken care of. Space-charge effects, which
respective experimental electron velocity distributiggeay lines;  affect the determination of the absolute collision energy,
online color: magenta The model cross sections were scaled to fithave been treated in much more detail.
the experimental thermal averages for [®BwThe error bars indicate Two earlier absolute measurements of the DR cross sec-
the overall experimental normalization errors. tion of HD™ have been publishef®6,28 and further data,
obtained with a novel superconducting quantum interference

for vibrationally cold HD" ions. The rotational temperature device ion current sensor at TARNII, were reported recently
of the stored HD (v=0) ions is not well known, but was [50]. The previous measurements raised discus§ioR6|
estimated to~500 K from earlier DR fragment imaging data because of some discrepancy regarding the height of the
[33]. high-energy peak near 9 eV, CRYRINGS] yielded a cross

We have derived thermal averages defined, in analogy teection maximum of 3,810 7 cn?, while ASTRID [26]
ap, by (as also the more recent ddta0] from TARNII) yielded
5.0x10 Y cm?. The present three storage-ring measure-
ments (Fig. 8 jointly give a peak height of (3.5
+0.7)x 10 1" cn?, closer to the lower one of the previous
results, and a peak position of &:8.2 eV. Theoretical val-
from the measured cross sectianEy)/vq=(ov)/vy of the  ues for the height and the position of the high-energy peak,
three experiments. taken from recent calculations for Hu=0) ions, are

The averages,, are shown in Fig. 9. These can be inter- 3.9x10 " cn? at 9.0 eV (Fig. 9 of Ref.[7]) as well as
preted directly as thermal rate coefficientsTat300 K for ~ 4.8x10 17 cn? at 9.4 eV(Fig. 6a) of Ref.[51]). Regarding
CRYRING, T=600 K for TSR, and T=3000 K for the peak height, our data are better reproduced by the calcu-
ASTRID; above the given limits, the errors introduced bylations of Ref.[7]. The data also indicate a slightly higher
neglecting the experimental energy resolutionart0% (as  peak position than both calculations. The second high-energy
was verified for a # model cross sectionin order to quan- peak has found less theoretical attention and is not discussed
tify the thermal rate coefficient at lower temperatures, wein more detail here.
compare the experimental averages with calculated aver- Among the possible processes that could affect the mea-
ages obtained using Eq11) for a model cross section sured signal at elevated collision energies the population of
o(E)=A/E and for the specific experimental electron tem-high-Rydberg atomic final states has been discussed above
peraturegTable ). As seen in Fig. 9, these calculated curves(Sec. Il B.. Mitchell and co-workers have observed Rydberg
for an appropriate choice @ yield a good representation of stripping to be important in a single-pass experiment involv-
the experimental averages at electron temperatures of the dng highly vibrationally excited H [23,24. Calculations
der of 100 K. The fitted constan#s can be used to obtain [51] indicate that for HD (v=0) ions the partial DR cross

FIG. 9. (Color online Thermal averageg,,, shown as func-
tions of the isotropic Maxwellian electron temperatdrefor the
measured DR cross sections from the three experimédaitek

0 E E
£ a( d) e_Ed/de(k_'T') (11)

4
"= o),
alT) 27mkTJo d Vg
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section at the high-energy peak for6 final states is~1  dependence od (variations over>10” for J=0-4). It can-
x10 Y cm? (~20% of the total similarly, fragment Ot be excluded that some of the disagreement between the

branching-ratio measuremerfts2] performed forn=4 at Cross sections measured for very low electron energies at
E4=9.2 eV at TSR yielded (287)%. From these results, a different experimental facilities might be caused by differ-
reasonable upper limit on the reduction of the DR signal byeNces in the HD rotational population distributions.

field ionization, consideringi,~10 (see Table )l may be _ These measurements _de_monst_ratg that hegvy—lon storage
located at roughly 10%; such a shift would bring the theo-11Ngs have a great potential in retrieving quantitative proper-
retical predictions mentioned above in better agreement witijes of dissociative recombination. The instrumental collision
experiment. The earlier experiment at CRYRIN®S] was ~ €nergy resolutiqn is very hlgh The elect_ron beam exceeds
performed using an ion-beam energy of 18 M@gainst 3 the size of the ion-beam significantly, which creates a very
MeV in the present experimenthe difference in ion energy WeII_ defined overlap region. The time between injection of
shifted the field ionization limit down tao.= 6 for the earlier the lons and theldata taking can b? used to chgnge an_d a_lso to
experiment and may be responsible for the somewhat small anipulate the lon beam pqpqlatlon by selectlveﬁxcnatmn.
high-energy peak in the DR cross section measured prev'r'eosrulttt:a ?jsien szveerl:fgigtnsé drﬁigzl\/:eo;:?ggngegkthe ns
ously at CRYRING. '

Th £ i f . tra f The 20% error margin on the cross-section scale, esti-
€ occurrence ot lon-pair formation as an extra agment, 5404 1o account for the systematic uncertainties in the ab-
channel not detected in the present experiments woul

. O+e e olute current determination and in the geometry of the in-
modify the total HD +e" neutralization rate at a cross Sec- eraction region for the individual experiments, has been
tion level of at most %10 cn?, as known from dedi-

- . , , confirmed by this comparison. Critical electron energy re-
cated studies of the ion-pair formation procgS8]. Modu-  igns where some disagreements are observed between dif-
lations of about this size near the ion-pair formation

; ) HD ferent experimental setups are thatEy<0.05 eV, as dis-
threshold at~2 eV were in fact observed in the HDDR  ,s5eqd above, and the valley region of the cross sedign,
Cross _sectlon and ascrlbed_ to th's pro_c{m. Or_1 the 9 ev ~0.4—-4 eV, where spurious signals stemming from the
peak in the DR cross section, ion-pair formation should b&,jon_energy DR peak must be accounted for by the toroidal
negligible in comparison to the neutral product channels. e qtion. Because of the arrangement of the molecular en-

Towards lower electron energies, the earlier as well as thgrgy levels, DR studies on;Hand its isotopomers are par-
present measurements unanimously indicate a DR cross &t '

tion close to 1.0 10" 16 crr? at the highest point of the struc- cularly sensitive to this type of experimental artifacts. By

. . ) .~ the proven correction procedure these artifacts can be ex-
ture appearing near 0.15 ggee Fig. 4 In refined theoreti- pected to be eliminated even more efficiently in other mo-

cal calculationg6,7], which include rotational effects, the lecular systems, which often have less accentuated high-
energy d_ependence of _ﬂfee f};gss _sectlon is well reproduce ergy DR peal%s. Processes with a sharp energy threshold
inf 5?( 1362,916(2:]22'(?:? 1010 gf R((e?I?YI])Sc(;L F;eef' t[e?(]t)rai?g q such as _ion—pair fo_rmation and eIectr_on detaphment from
' . 9- ' . " _negative ions can give complementary information to further
These predictions both exceed the experimental result b¥ptimize the experimental correction procedure
mo;i thar? Its 2(f)°{<;]eslt|mated uncetrtal?ty. in th In conclusion, the present comparison of results from
€ shape of the fow-energy Structures in th€ Cross Seqp qq gitferent jon storage rings has yielded consolidated ex-

tion, down to NO'OFl. eV,4 IS goﬁr;ssterl}t amc')tr;g IEe Er.eﬁentperimental information on the absolute DR cross section and
measurementsee Figs. 4 and)sas well as with other high- on the thermal DR rate coefficient of Hv =0) ions, suit-

resolution dat46,7,51. With regard to the overall size of the able for a detailed comparison with theoretical predictions.

cross section at-0.01-0.1 eV and its trend towards even Satisfactory agreement between the individual experiments

lower energy, the deviations between the "?d""d“a' EXPellond with the calculations has been obtained for electron en-
ments are still rather large, even considering the differen

Lrgies above-0.01 eV. At lower energies, the influence of
experimental resolutiongcf. Fig. 5. Nevertheless, the rgies v W dies, vy

) - rotational excitations presents an interesting area of further
present measurements yield thermal rate coefficients for thﬁvestigations
DR of HD"(v=0) ions which agree within the estimated '
normalization errors of-20%. The joint result ofxy,=(9
+2)x10 % cm®s ™! at 300 K is rather well reproduced by
the low<J(J<4) theoretical thermal rate coefficients
(~1.0<10 % cm’s™* at 300 K from Fig. 6a) of Ref.[7]. We want to express our thanks to the accelerator scientists
Although, as mentioned in Sec. lll B, the rotational tempera-and the technical staff of the ion storage-ring facilities
ture of the stored HD ions is not well known, the estimated ASTRID, CRYRING, and TSR. For W.J.vdZ and R.T., this
temperatures of the order of 300-800 K correspond to &vork is part of the research of the Stichting “voor Funda-
dominant population inJ<4. Remarkably, the predicted menteel Onderzoek der Materie” and made possible by fi-
thermal rate coefficients for highdrdevels[7] (J=5-10) nancial support from the Nederlandse Organisatie voor
are larger by factors of 2—4; hence only the Idwheoretical ~ Wetenschappelijk Onderzoek. The work at ASTRID was
results are in agreement with the present experiments. Fugupported by the Danish National Research Foundation
thermore, at temperatures 100 K the calculated thermal through the Aarhus Center for Atomic Physi@gsCAP). The
rate coefficients for HD [7] start to show a very strong work at TSR was partly funded by the German Federal Min-
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