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Resonant ion pair formation of HD¿: Absolute cross sections for the HÀ¿D¿ channel
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Nada Djurić, Dus̆ka B. Popovic´, and Gordon H. Dunn†

JILA, National Institute of Standards and Technology and University of Colorado, Boulder, Colorado 80309-0440

Jacek Semaniak
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Absolute cross sections for the production of H21D1 in the collision of cold HD1 with electrons have been
measured in the storage ring CRYRING at Manne Siegbahn Laboratory, Stockholm University in Stockholm.
The magnitude of this cross section (;3310219 cm2 above threshold!, as well as its interference pattern~14
peaks in the interaction energy region 0–16 eV! were found to be identical to that observed for the production
of D21H1, which was measured earlier in CRYRING.
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I. INTRODUCTION

Efforts in understanding collision processes for a mole
lar ion-electron system have mostly been directed to
study of dissociative recombination~DR! @1#. This very effi-
cient process is one of the main destructive processe
molecular ions in cold plasma environments. An electr
impacting a molecular ion, can be resonantly captured in
doubly excited dissociative state of the neutral molecu
Dissociation times generally compete favorably with au
ionization times, so a stable net neutral state is reached
dissociation. After passing the stabilization point where au
ionization is no longer possible, there are many compe
channels along which the resultant neutral may go—mos
them yield neutral fragments, but a negative and a posi
fragment may also result along some channels, and th
resonant ion pair formation or RIP. In an earlier study@2,3#,
we demonstrated that the resonant ion-pair formation
D21H1 in the collision of HD1 with electrons was gov-
erned by an interference mechanism which results in a se
of 14 resonances in the cross section in the energy ra
0–16 eV. Due to experimental constraints, we could not
that time, study the complementary RIP channel, H21D1. A
factor of two difference was observed in an equivale
photoionization study of ion-pair formation from HD b
Chupka et al. @4#: the H2/D2 ratio was two just above
threshold and decreased with decreasing wavelength
verify whether there is or is not an isotope effect and to le
no doubt on the magnitude and shape of the total RIP c
section, improvements to the detection apparatus were m
and it became possible to complete this study by measu
the reaction rate for the second RIP channel H21D1.

II. EXPERIMENT

The experiment was performed at the storage ring fac
CRYRING, at Manne Siegbahn Laboratory, Stockholm U
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versity, in Stockholm. A view of the facility is given in Fig
1. The ions were produced by injecting HD neutral gas int
hot filament ion source~MINIS!. After extraction from the
source, HD1 ions were mass selected, accelerated to 3
keV by a radio frequency quadrupole device, and injec
into the ring. They were then further accelerated to an ene
of 3.5 MeV/amu and circulated in the ring for about 10
after each injection. One straight section of the ring
equipped with an electron cooler@5#. This device produces
an electron beam with a velocity distribution that can
described by a flattened Maxwellian distribution

f ~v !5
me

2pkTe'
S me

2pkTei
D 1/2

expS 2
meve'

2

2kTe'
2

mevei
2

2kTei
D ,

~1!

whereTei'0.1 meV andTe''2 meV are the longitudina
and transverse temperatures, respectively@5#.

The electron cooler serves two purposes in recombina
experiments. First, by Coulomb interaction, the translatio
heat from the molecular ions circulating in the ring is effe
tively transferred to the continuously renewed cold elect
beam while both beams are velocity matched, a proc
known as phase-space cooling. The ion velocity distribut
consequently becomes narrower and centered around th
erage electron velocity. Second, at each passage throug

FIG. 1. View of the heavy-ion storage ring facility CRYRING
at Manne Siegbahn Laboratory in Stockholm, Sweden.
©2002 The American Physical Society01-1
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electron cooler, the ions interact with the electrons and
dissociative processes of interest here, DR and RIP, oc
The H2 fragments, as well as the D2 fragments, are de
flected out from the center of the ring inside the dipole m
net immediately following the electron cooler. A movab
energy-sensitive surface-barrier detector is set to inter
their trajectory inside this dipole chamber and collects all
H2 fragments produced from resonant ion-pair formatio
Detection of the negative ion supplies a necessary and s
cient signature of the RIP process. Thus, the complemen
positive D1 fragments were not detected in this experime
neither were the H1 fragments in our earlier study of th
D21H1 channel.

III. DATA ACQUISITION AND ANALYSIS

The surface-barrier detector collects the H2 fragments
with a 100% efficiency and converts each particle hit into
electric pulse. The height of the pulse is proportional to
energy deposited in the detector material, thus giving in
mation about the mass of the detected ion. Recording of
number of pulses can be done either as a function of
deposited energy or as a function of storage time. This
achieved through the use of a multichannel analyzer~MCA!
or scaler~MCS! card, respectively, installed in a PC. Th
technique we use to measure the rate coefficient and, su
quently deduce the cross section is that we vary the elec
cooler cathode voltage as a function of storage time du
each injection cycle. The interaction energy in the center
mass frameEcm is given by

Ecm~ t !5~AEcath~ t !2AEcool!
2, ~2!

whereEcath(t) is the electron energy at timet, illustrated in
Fig. 2, andEcool is the electron energy corresponding to t
cooling process, both defined in the laboratory frame of r
erence.

Each time window (;1 ms) in the recorded spectrum
thus corresponds to a particular and well-defined cath
voltage and, consequently@Eq. ~2!#, to a specific interaction
energy. The rate coefficient as a function of interaction

FIG. 2. The electron cathode voltage as a function of time
each injection cycle.
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ergy can be deduced from the number of particles hitting
detector during each time window

^sv&5
v ie

nel

NRIP

I i
, ~3!

whereNRIP is the number of counts per second on the d
tector due to fragments produced via the RIP process,I i is
the ion current, measured simultaneously with a curr
transformer,v i is the ion velocity,e is the electron charge,ne
is the electron density, andl the length of the interaction
region, which is equal to 85 cm. The cross-sections can be
extracted by deconvolution via a Fourier transform techniq
from

^svcm&5E
2`

1`

vs~v ! f ~vcm ,v !dv, ~4!

where f (vcm ,v) is the electron velocity distribution define
in Eq. ~1!.

To obtain the correct value of the cross section, differ
effects must be accounted for in the data analysis proced
First, the interaction energy must be corrected for the e
tron space charge. Second, due to the geometry of the e
tron cooler, some of the measured counts arise from re
tions occurring at a different energy than that set in the ce
of the electron cooler: the ions interact with the electrons
only in the straight section but also in the merging and
merging parts of the cooler, where the relative velocity
different. An iterative procedure for this so-called toroid
effect is described by Lampertet al. @6#. More details about
the analysis procedure can be found elsewhere@7#.

IV. RESULTS AND DISCUSSION

The cross section for formation of H21D1 from the col-
lision of HD1 with e2 was deduced from the measured ra
coefficient in the electron cooler by using the analysis p
cedure described in the previous section. The results
shown in Fig. 3, together with our earlier measurement of
complementary channel D21H1. As can be seen, these tw
channels are produced with the same probability over
whole studied energy range~0–16 eV collision energy!. Ex-
actly the same interference pattern as previously observed
the D21H1 channel was found for production of H21D1.
It was proposed and confirmed@2# with a simple Landau-
Zener-Stu¨ckelberg calculation that this pattern originat
from quantum interference of the multiple dissociation pa
ways. A more complete time independent Landau-Zen
Stückelberg calculation@3# further established the validity o
this hypothesis. In a diabatic representation the neutral
sociative state leading to the ion-pair limit crosses many R
dberg states twice, both at small and large internuclear
tance; this opens two different possible routes to the ion p
limit, thus leading to the interference behavior observed
the cross section. In Ref.@3#, six states were included: th
lowest neutral1Sg

1 dissociative state of HD, which is domi
nated by a (2psu)2 configuration at small internuclear dis
tance and diabatically correlates with the ion-pair limit D2

r

1-2



s

e

is
b

-
e

e
d

on

e
ra-

t
the

en
ly
uc-

n

a-
of

e
l

ns

two

ish
nd

N.
.

on-
rted

u-
hn

ell

en

BRIEF REPORTS PHYSICAL REVIEW A 65 044701
1H1, the lowest 1Su
1(2psu2ssg) dissociative state, the

second 1Sg
1 state (2psu3psu), the two Rydberg state

@(1ssg2ssg) and (1ssg3dsg)] associated with the H(n
52)1D(1s) limit, and the lowest Rydberg stat
(1ssg3ssg) associated with the H(n53)1D(1s) limit. For
electron collision energies up to approximately 6 eV, the d
sociation dynamics can be described by the lowest dou
excited state1Sg

1(2psu)2 but for higher interaction ener
gies, higher-excited neutral repulsive stat
@1Su

1 (2psu2ssg) and 1Sg
1(2psu3psu)] become impor-

tant. A more complete theoretical study, using a tim
dependent wave-packet approach, has now been reporte
Larson and Orel@8#.

As noted earlier, in the mid-1970s, Chupkaet al. @4# ob-
served in their photodissociation study of ion-pair formati

FIG. 3. Absolute cross section as a function of interaction
ergy. Dots, results from Ref.@2# (D21H1); solid line, present re-
sults (H21D1).
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for HD, that the H2/D2 ratio was a factor 2 just abov
threshold and decreased with decreasing wavelength. To
tionalize the difference, they noted that the H21D1 pair
correlates with 4f s1Sg

1 , while the H11D2 pair correlates
with the lower lying 3ds1Sg

1 and speculated about differen
interactions along the various crossings. They also noted
possibility of their having detector discrimination betwe
H2 and D2. Their results covered an energy range of on
about 0.6 eV above threshold. Our results show that prod
tion of H2 and D2 is equally probable for any interactio
energy in the studied range 0–16 eV.

One can conclude that the total resonant ion pair form
tion cross section is simply twice the cross section for one
the channels (;4310219 cm2 as a rough average over th
studied energy range! and still only a few percent of the tota
dissociative recombination cross section (;10217 cm2)
@9,10#. We also conclude that the different correlatio
speculated on by Chupkaet al. @4# do not play a major role
and that there is no isotope dependence between the
channels H21D1 and H11D2.
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