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We report experiments on dissociative recombination~DR! of HD1 and H2
1. Product state information has

been obtained over a wide range of electron energies with a position sensitive detector consisting of a graded
absorber in combination with a surface-barrier detector. At low electron energies~,3 eV! hydrogen atoms are
formed preferentially in highly excited states~n.2!; at high electron energies~.12 eV! both hydrogen
fragments are excited. The dissociative recombination rate of H2

1 has been measured also as a function of
storage time in the energy range of 0 eV to 20 eV. We show that the H2

1 beam is still vibrationally excited
after 20 s at our experimental conditions. The H2

1 ions relax vibrationally through interaction with electrons
in the electron cooler. Vibrationally excited levels~v>5! have DR rates that exceed the DR rate of the lower
vibrational levels by two orders of magnitude. The latter observation has important consequences for the
interpretation of previous DR experiments on H2

1. @S1050-2947~96!07012-6#

PACS number~s!: 34.80.Gs

I. INTRODUCTION

The interest in dissociative recombination~DR! stems not
only from its practical importance but also from its, at first
sight, appealing simplicity: one electron recombines with
~in this case! the simplest of molecules H2

1. The practical
aspects refer to laboratory@1#, atmospheric@2#, and astro-
physical plasmas@3,4#. DR is often a quantitatively impor-
tant process in these circumstances. The magnitude of the
DR cross section of H3

1 is even of paramount importance for
the interpretation of cosmic abundance measurements@5–7#.
Although DR seems to be a simple process, both the theory
and experiment provide big challenges. Theoretical progress
@8,9# has often been inspired by observations of sizable cross
sections where theory had predicted vanishing small cross
sections. DR is found to be especially efficient in systems
where doubly excited neutral curves cross the ground-state
ionic curve~plus zero-energy electron!, as in the case of H2

1

@10#. DR consists of three parts:~i! the electron capture pro-
cess;~ii ! the competition between dissociation and autoion-
ization, ‘‘survival’’; and ~iii ! the molecular dissociation, a
‘‘half collision.’’ The cross section is determined by~i! and
~ii !. The distribution over the product states is governed by
~iii !. Experiments using various techniques~flowing after-
glow’s @11,12#, merged-beams techniques@13,14#, and ion-
storage rings@15–19#! have produced ambiguous results.
Ion-storage rings have distinct advantages. The lifetime of
the ions and the electron-cooler technology have resulted in a

significantly improved signal to noise and a high electron
collision–energy resolution~10 meV! @20#. In CRYRING
~Cryogenic Ion Source Ring! absolute cross sections have
now been determined for H2

1 ~and its isotopomers!
@18,19,21#, HeH1 @22,23# and, H3

1 ~and isotopomers!
@17,24–26# over a wide electron energy range. Product state
information or branching ratios have only recently been the
aim of experiments. Datzet al. @26# introduced a ‘‘translu-
cent’’ perforated foil to study the fragmentation behavior in
the case of H3 and its isotopomers@25#; H1H1H could be
distinguished from H1H2, and HD1H from D1H2 and
H1H1D. The first report on product state distributions
stems from TARN II~Test Accumulation Ring for the Nu-
matron Accelerator Facility! experiments on HeH1. The
channel forming excited-state hydrogen atoms was observed
to dominate@27#. Very recently Zajfmanet al. reported very
detailed product state and angular distributions using HD1

@28#. This isotopomer of H2 was chosen because the storage
time allows complete radiative cooling of all vibrationally
excited states.

We report product state distributions of H2
1 at various

electron collision energies using a simple position-sensitive
detector in the form of a graded absorber built from a wedge
shaped Cu foil. Total DR rates of H2

1 are observed to de-
crease as function of storage time. It is argued that the high
vibrational levels have very high DR rates. We will present
the experimental technique, the principle of our graded ab-
sorber detector@29#, our experimental results and we will
discuss their consequences.

II. EXPERIMENT

The experiments are performed in CRYRING, an ion
storage ring device at the Manne Siegbahn Laboratory in
Stockholm @20,30#. A schematic diagram of CRYRING is
shown in Fig. 1. The H2

1 or HD1 ions are produced in the
electron-impact ion source MINIS, then extracted and mass
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selected. Before injection the ions are accelerated to 300
keV/amu. In the ring the ions are further accelerated to vari-
ous energies between 4 MeV/amu and 5.4 MeV/amu. The
ion storage ring contains an electron-cooler section meant for
phase-space cooling. This is also the place where dissocia-
tive recombination takes place. As a consequence of the
phase-space cooling, a strong reduction of the beam size to
less than 1 mm takes place in about 2 sec~at 50 mA electron
current!. After a further~variable! delay time a DR measure-
ment is started by changing the energy of the electrons from
the cooling energy~Ecool! to the measuring energy~Emeas!.
The relation between the measuring energy and the collision
energy in the center-of-mass frame~Erel! is given by

Erel5~AEmeas2AEcool!
2. ~1!

In order to avoid heating of the ion beam, the electron energy
is changed only during short, typical 100 ms, intervals, es-
pecially for small values ofErel . A DR event leads to the
formation of two neutral atoms which are detected in coin-
cidence in the so-called 0° arm of the storage ring. The life-
time of the ion beam is affected by collisions with residual
gas. At MeV energies, these collisions result in the produc-
tion of at most one neutral fragment. Its translational energy
is half of that of two fragments. Thus background and DR
signal are easily distinguished using the surface-barrier de-
tector ~SBD!.

H2
1~v8,J8!1e2~Erel!→H~1s!1H~nl !

1EKE~v8,J8,n,Erel!. ~2!

Reaction~2! shows the relation between the internal energy
of an H2

1 ion, the internal energy of fragment atoms, the
electron energy, which is an experimental parameter, and the
kinetic energyEKE released in DR process. The rovibrational
distribution of an H2

1 beam from an electron-impact source
has been well documented, but the effect of the long storage
times on the distributions is not known. For each rovibra-
tional level (v8,J8), the principal quantum number (n) of
the hydrogen fragment, the electron energy~Erel! and the
EKE are directly related. For H2

1 ~v850, J850!, the released

kinetic energy equalsEKE5Erel113.6 n2–2.65 ~eV!. The
value of 2.65 eV is the binding energy~D0! value of the H2

1

electronic ground state.
The technique with the graded absorber is based on the

recoil velocity of the fragments released in the dissociation
process. To detect the recoil of the fragments a position-
sensitive detector~diameter 18 mm! is mounted 4 m behind
the interaction region. The detector consists of a cylindrical-
symmetric, wedge shaped copper foil followed by a surface-
barrier detector~SBD!, see Fig. 2. The foil acts as a graded
absorber. It has a small hole~0.45 mm diameter! in the
middle for alignment purposes, and its thickness increases
monotonic from 15 to 60mm. The graded absorber is pro-
duced by mechanical means. Atoms lose kinetic energy upon
transiting the foil. The energy loss depends on the distance
from the beam axis~see Fig. 2!. Thus an increase in the
projected distanceD between DR fragments results in an
increase in the total energy loss of both fragments. Being
measured simultaneously, the sum of their kinetic energies is
detected. The thickness of the foil is chosen so that the maxi-
mum energy loss is less than 50%. Thus, DR events are
detected at laboratory energies,Elab.0.53E0, whereElab is
recorded by the SBD andE0 is the full beam energy; back-
ground counts are observed atElab,0.53E0.

The measurement principle is only reliable with an ion
beam that is significantly smaller than the projected distance
D and that is properly centered. In the case of the H2

1 data
the diameter of the beam can be expected to be about 800
mm full width at half maximum~FWHM! as was determined
using a deuterium ion beam. Further resolution limiting fac-
tors are energy straggling of the fragments and thickness
irregularities of the mechanically machined Cu foil. Since
the detector signal is a measure for the projected distanceD,
different angles of dissociation~u! result in a distribution in
D. Also,D is proportional to the distance from the collision
center to the detector. The finite length of the electron cooler

FIG. 1. The CRYRING facility at the Manne Siegbahn Labora-
tory at Stockholm University. The circumference of the ring is 52
m. Dissociative recombination takes place in the electron-cooler
section~length 0.8 m! imbedded in a straight section of 1.7 m. The
neutral products of dissociative recombination are detected in the 0°
detector arm.

FIG. 2. Schematic diagram of the position sensitive detector
consisting of the surface-barrier detector~SBD! and a cylindrically
symmetric wedged shaped Cu foil. The recoil velocity of the H
fragments due to the dissociative recombination process is reflected
in the distanceD. The foil acts as a graded absorber, translatingD
into energy loss of the fragments.
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of approx. 80 cm results in a 20% spread inD. Figure 3
shows three examples ofD distributions involving one single
kinetic-energy value of the fragments. These distributions
take the finite interaction length and three possible fragment-
angular distributions~isotropic, cos2, sin2! into account. For-
tunately, still distinct peaklike features result. Figure 4 shows
simulations that include the foil parameters and the finite
beam size.Elab spectra are shown usingEKE values of 0.75
eV @H2

1~v850!1e2~0 eV!→H(1s)1H(2s)# and 2.0 eV
@H2

1~v855!1e2~0 eV!→H(1s)1H(2s)#. An isotropic dis-
sociation has been assumed. The small peak at 10.8 MeV is
due to two fragments through the 0.45 mm hole. The peak at
10.2 MeV reflects events with one hydrogen atom through
the hole. The resolving power is clearly insufficient to dis-
tinguish individual vibrational levels~0.25 eV spacing! but
sufficient to observe effects associated with different H(n,l )

dissociation limits~e.g., the 1.89 eV spacing betweenn52
andn53!. Spectra, such as Fig. 4, show the laboratory en-
ergy ~Elab! of the two fragments after the graded absorber
and are calledEKE spectra. We stress, however, that one
value of the kinetic energy gives a distribution in anEKE
spectrum.

Experiments have been performed with the graded ab-
sorber at various electron energies~Erel! from 0 eV to 18 eV
and after different storage times. Experiments on HD1 are
performed to differentiate intramolecular cooling from other
time-dependent effects in the ion storage ring. Spectra have
been collected using the graded absorber~for EKE spectra!
and with a standard ‘‘bare’’ SBD~for DR-rate determina-
tions only!. The relative DR rate is defined as the ratio be-
tween the ‘‘DR-signal’’ channel~two neutral fragments! and
the ‘‘background’’ channel~one neutral fragment!. The
background channel is a measure for the number of ions in
the ring @31–33#. At large electron collision energies the
background channel increases due to dissociative excitation.
With the use of a multichannel scaler~set to background!
and a multichannel analyzer, these changes are recorded and
the DR rates are corrected. The DR rate is a product of^ns&
~the specific rate of DR process, withv the relative collision
velocity, the brackets represent the averaging over the ve-
locities!, and ne ~the electron density, proportional to the
electron current!. In principle, absolute cross sections~s! can
be extracted@22,32,33#.

III. RESULTS

A. Product state distributions

Figure 5 shows totalEKE spectra measured by means of
the graded absorber atErel50 eV taken at a beam energy of
5.4 and 4.5 MeV/amu for H2

1 and HD1 ions, respectively.

FIG. 3. Typical D distributions involving a single kinetic-
energy release value and different possible angular distributions.
The shape of the tails at small distance reflects the angular distri-
bution, the ‘‘shoulder’’ at large distances is due to the finite length
of the interaction region, the electron cooler section.

FIG. 4. Simulations of spectra from the SBD1graded absorber
using values for kinetic-energy values ofEKE50.75 eV and 2.0 eV
using the dimensions of the ion beam and foil. An isotropic distri-
bution is assumed in these simulations.

FIG. 5. EKE-spectra measured atErel50 eV for ~a! 10.8 MeV
H2

1 after a storage time oft520 s and~b! 12 MeV HD1. The
spectra show counts as function of the total energy of both frag-
ments after the graded absorber~Elab!. The high-energy structures
above~a! 5.4 MeV and~b! 8.2 MeV reflect DR. The low-energy
structures are collisional background and are a measure of the ion
current. The thin lines, labeledn51 indicate the range inElab for
the formation of H~n51!1H/D~n51! products. The labels,n52,
indicate that the peak positions agree with H~n52!1H~n51! prod-
ucts.
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The spectra were measured after a storage time of 20 s.
Background is found below 5.4 MeV~curvea! and 8.2 MeV
~curve b!. The relevant part of the spectra is atElab>5.4
MeV andElab>8.5 MeV for the H2

1 and HD1 experiment,
respectively. As in Fig. 4, small features are seen at high
energy reflecting the hole in the foil. Figure 6 displays a few
spectra taken at different values ofErel . Results for HD

1 are
shown in Fig. 7. Before discussing these results, Fig. 8 is
introduced.

Figure 8~adapted from Ref.@10#! shows the relevant po-
tential curves for molecular hydrogen@10,34#. The two low-
est dissociation limits~H~n51!1H~n51! and H~n52!1H~n
51!! are energetically accessible forErel50 eV and
H2

1~v150!; the EKE values areEKE50.75 eV for H~n51!
1H~n52! and EKE510.95 eV for H~n51!1H~n51!. At
Erel51.14 eV the total energy suffices for the formation of
H~n53! fragments. The cross section of DR via the doubly
excited1S g

1 repulsive state has a maximum aroundErel54
eV @18#. At higher collision energies the cross section in-
creases due to the otherQ1 states with

1S u
1, 1Pg ,

3S u
1, and

3Pg symmetry. We note that for higher-vibrational levels
~v>5! a significant overlap already exists with these higher
Q1 states at zero electron energy. At higher electron energies
~Erel.12 eV! the doubly excited repulsive~Q2! states may be
formed that correlate with two excited atoms. The nomencla-
ture is taken from Guberman@10#.

Now, the observed spectra of Figs. 6, 7 will be discussed
in more detail. The range inElab from 6 to 11 MeV~for H2

1!
and from 9 to 13 MeV~for HD1! is shown for the different
spectra. With respect to the simulation~Fig. 4!, the shape of
the peak registered for H2

1 ions is broader and more sym-
metric. An important observation is the absence of dissocia-
tion to H~n51!1H~n51! for all Erel values. The changes
found in the H2

1 spectra for electron energies,Erel , between
0.0 eV and 0.5 eV are surprising. The signal intensity around
10.2 MeV increases~more dissociation with one fragment
through the hole!. Also, the maximum of the peak around 9.2
MeV shifts to higher,Elab, energy~smaller energy loss!. We
conclude that theEKE valuesdecrease. Based on available
energy, we conclude that higher excited~v1>4! levels are
present in the beam, which preferentially yield H~n53! frag-
ments. In going fromErel50.1 eV to 1.2 eV the maxima of
the distributions continue to shift to higherElab values. The
EKE values still decrease. The smallestEKE values were ob-
served at an electron energy of 1.2 eV@Fig. 6~c!#. At this
collision energy all vibrational levels may dissociate to H~n
53! fragments. At a collision energy above 1.2 eV the posi-
tion of the peaks shifts back. We conclude that a strong

FIG. 6. EKE-spectra from thee21H2
1 dissociative recombina-

tion process at electron collision energies~Erel! of ~a! 0.0 eV, ~b!
0.3 eV, ~c! 1.2 eV, ~d! 7.0 eV, and~e! 15.0 eV.

FIG. 7. EKE-spectra from thee21HD1 dissociative recombina-
tion process at electron collision energies~Erel! of ~a! 0 eV, ~b! 0.35
eV, ~c! 1.2 eV, ~d! 7.0 eV, and~e! 13.0 eV.

FIG. 8. Potential-energy curves~in units of eV! as function of
internuclear separation in a.u. for H2 and H2

1. The curves relevant
to the dissociative recombination process have been shown. The
vibrational levels in the H2

1 ground state are indicated. The curves
labeled H2

1 should be read as potential energy of H2
1 with a 0 eV

electron. The other curves pertain to neutral doubly excited H2
~taken from Ref.@10#!.
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propensity exists to produce H~n53! final states as soon as it
is energetically allowed.

An HD1 beam consists ofv150 ions due to the allowed
radiative decay of higher vibrational levels. Here an increase
in Erel results in a shift to lowerElab values@an increase in
EKE , Fig. 7~a!, 7~b!#. The broad features in theEKE spectra
@Fig. 7~b!, 7~c!# do not imply the presence of vibrationally
excited species. The graded-foil technique is less accurate for
a heteronuclear species. Moreover, in the HD1 experiment
the size and shape of the beam has not been determined.
Simulations of spectra indicate that the HD1 beam was sig-
nificantly larger than the H2

1 beam. Therefore, we restrict
ourselves to qualitative changes of the HD spectra. At an
electron energy of 1.2 eV, the peak has broadened indicating
that @Fig. 7~c!# H/D~n53! is produced as well as H/D~n52!.

For both H2
1 and HD1 @Fig. 6~d!, 7~d!#, an increase in

Erel results in an increase ofEKE until Erel512 eV, above
which a sudden shift is observed towards highElab and thus
a smallerEKE value. The spectra atErel515 eV @Fig. 6~e!,
H2

1# andErel513 eV @Fig. 7~e!, HD1# can only be under-
stood as due to two excited atomic fragments.

The important conclusions are~i! no DR is observed to
ground-state hydrogen atoms;~ii ! H2

1 has a propensity to
maximize the internal energy in the hydrogen fragments at
small electron energies;~iii ! at high energies two excited
fragments are observed; and~iv! the H2

1 ion beam is vibra-
tionally hot after 20 s of storage time. The first three conclu-
sions are in agreement with the results on HD1 as reported
recently by Zajfman and co-workers@28#.

B. Vibrational cooling dynamics in the storage ring

The dissociative recombination rate strongly depends on
the vibrational state of the ion. Therefore, knowledge of the
H2

1 ion-beam composition is required for absolute measure-
ments. The long storage times are not expected to give vi-
brational cooling. For H2

1 and HD1, Amitay, Zajfman, and
Forck @35# have reported relative rates for different storage
times less than 1 s. They showed a fast decrease of the ob-
served HD1 DR rate in 0.2 s, attributed to vibrational relax-
ation by infrared emission. In H2

1, radiative decay is forbid-
den and extremely slow. In a series of experiments we have
followed the DR rate~for 0 eV<Erel<20 eV! and the prod-
uct state distribution~for Erel50 eV, at the maximum DR
rate! as a function of storage time~up to 240 s in some
cases!.

Figure 9 shows measured DR rates as a function ofErel
for HD1 and for H2

1 for different storage times. Each of the
curves shows the rapid decrease atErel.0 eV in accord with
Wigner’s threshold law. Apart from curve (d) all show a
clear maximum in the cross section aroundErel5629 eV.
We find ~i! that the DR rate at low energy strongly decreases
with increasing storage time; and~ii ! that the high-energy
‘‘resonance’’ structure becomes more pronounced and shifts
to higher energy~in the direction of the asymptotic position
of the resonance observed for HD1!. Both these effects sug-
gest a change in the H2

1 beam population. The mechanism
for these vibrational changes is yet unknown.

Figure 10 shows the DR rates for H2
1 and HD1 as a

function of storage time~measured atErel50 eV!. The DR
rate for H2

1 strongly decreases betweent54 s andt510 s,

followed by a slower decrease. The control experiment with
HD1 @Fig. 10~b!# shows that after about 3 s~the estimated
phase-space cooling time! the DR rate for HD1 is constant.
Possible mechanisms for the vibrational relaxation of H2

1

are intramolecular decay~by radiative cooling!, collisions
with rest gas,~pre!dissociation by the motional fields in the
bending magnets, or collisions with the cooler electrons. The
latter effect can be simply isolated. The solid squares show
the result of a delayed onset of the electron-cooler beam~30
s after ion injection!. The curves are the same. Also theEKE
spectra~Fig. 11! did not change by the 30 s storage of ions
without cooler electrons. It is concluded that the changes in
DR rate are caused by collisions with electrons atErel50 eV.
Moreover, we conclude from Fig. 10 that dissociative colli-
sions with rest gas do not change the vibrational population.
Hence, the background channel can be used as a monitor of
the ion-beam intensity.

FIG. 9. Dissociative recombination rates for HD1 @curve ~a!,
solid squares# and H2

1 as function of collision energyErel in units
of eV for selected storage times of~b! 54 s-h; ~c! 20 s-s; and~d!
5 s-n. The inset shows the high electron energyErel part of the
distributions.

FIG. 10. The relative DR rates for HD1 ~s! and H2
1 ~ ! at

Erel50 eV as a function of storage time. The data signed by solid
squares show the rates measured with a 30 s delay of the electron
cooling.
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Electron-ion collisions can change the ion-beam rovibra-
tional population through the dissociative recombination pro-
cess and through superelastic collisions~SEC! @36# ~see re-
action 3!

H2
1~v8,J8!1e2~Erel50 eV!→H2

1~v821,J8!

1e2~Erel.0 eV!. ~3!

In DR, ions disappear while in SE collisions the number of
ions is unchanged. Thus, a distinction can be made by look-
ing at the background count rate. In the case of DR one
expects multiexponential decay due to the disappearance of
high DR-rate levels, while in the case of SEC one expects
single exponential decay.

For two electron currents ofI el511 and 47 mA, the DR
rate and the background count rate were measured as a func-
tion of time. The results for the DR rates are shown in Fig.
12. One can observe that the rates for 47 mA fall by a factor

of 2 during the first five seconds and another factor of 2.5 in
the following 40 s. As expected, the decrease is less dramatic
at I el511 mA, because the DR rate is proportional to the
electron current. It is remarkable that the DR rate at the low
electron current can even exceed that at high current between
t550 andt5150 s. Even att5240 s the observed DR rates
are not yet proportional to the electron current. However, we
note that the DR rate atErel50 eV depends strongly on the
electron temperature because of the steep rise in cross sec-
tion towardsErel50 eV @22#. It has been reported that the
electron temperature may depend somewhat on the electron
current @37#. Thus a strict proportionality may not be ex-
pected.

The background count rates~not shown! displayed clearly
multiexponential decay behavior. The initial~at the first 10 s
of storage time! decay constant,t, of the ion beam is found
to bet511 andt523 s~at 47 and 11 mA!. The decay after
180 s gavet values of 28 and 31 s, respectively. The lifetime
of the ion beam is still affected by the cooler electrons. From
the observed decay constants, the contribution of DR can be
estimated to betDR5300 s atI el547 mA. The background
signal represents the ion-beam destruction in 3.2% of the
storage ring. UsingtDR5300 s andt528 s for the collisional
destruction, the ratio of signal to background is expected to
be 2.9:1. This agrees with the intensities in Fig. 5.

The multiexponential decay of the background countrate
can be explained by a loss of 15% of the beam due to DR
with a decay constant,tDR51.5 s~in the case ofI el547 mA!.
Hence, the DR cross section of this fraction is approximately
200~5300/1.5! times higher than the DR cross section of the
remaining beam. We note that the first DR rate measurement
starts after about 3 s. In 3 s afraction of 15% may be reduced
by a factor of 7 to about 2%. Att53 s, the DR rate is then
0.0232001155 times larger than the DR rate at large times
~squares in Fig. 12!. Since the DR rate scales with the elec-
tron density,tDR is approximately 6.5 s at 11 mA. Hence,
after about 35 s~5.4tDR! 0.45% remains of the high DR-rate
fraction. Using the DR enhancement factor of 200, this
0.45% of the ion beam is responsible for 47% of the ob-
served DR rate. Indeed the DR rate is about a factor of 2
lower at t5240 s than aroundt535 s ~Fig. 12!.

Above we have provided support for a ‘‘state-specific’’
DR rate of 15% of the beam to be 200 times larger than that
the remaining 85%. We have not been able to reproduce the
full time dependence of the DR rates quantitatively using a
model that includes only two rate constants. This is not sur-
prising as the 15% will include a number of vibrationally
excited levels each with its own DR rate. This result has
consequences for the comparison of different experiments,
since variations in the population of such a vibrational level
by 1% may change the observed DR rate by 200%. Another
important conclusion is that the observed time dependencies
reflect the decay of a small fraction of the ion beam. The
extent of vibrational relaxation of the lower vibrational
~v15024! levels is still unknown.

At this point it is important to consider which vibrational
levels may have unusually high DR cross sections atErel50.
Figure 8 shows that the higher lyingQ1 states cross the
H2

1 ground-state curve nearv155, giving favorable Franck-
Condon overlap atErel50 eV. We note that the contribution
of thev1>5 levels to the ion beam is approximately 15% in
the case of a~low-pressure! electron-impact source@38,39#.

FIG. 11.EKE spectra of DR of H2
1 atErel50 eV measured after

3.5 s electron-cooling time with a 0 s@curve ~a!# and a 30 s delay
@curve ~b!# for the onset of electron cooling.

FIG. 12. Relative DR rates for H2
1 as a function of storage

time. The experiments were performed at an electron collision en-
ergy ofErel50 eV and for at electron currents of 11 mA~s! and 47
mA ~h!.
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We want to mention one final very interesting observa-
tion. Our measurement procedure involves a determination
of the count rate in the background channel~one H fragment!
both with the electron cooler atEcool ~Erel50! and atEmeasin
order to correct the background signal for possible dissocia-
tive excitation. At small values ofErel ~0.5,Erel,1.5 eV!
and in the first seconds of storage, the background count rate
decreasedupon changing toEmeas. Apparently, a process is
induced atErel50 eV which produces an H1H1 pair in
a—necessarily—endothermic reaction. We conclude that
high vibrational levels~v1.13! are present which have a
high DR cross section and which yield one high-Rydberg
state hydrogen fragment H~n.9!. These fragments are field
ionized in the first bending dipole magnet after the electron
cooler. Here the motional electric field is about 50 kV/cm.

IV. DISCUSSION

We have presented product state distributions from DR of
H2

1 over a large electron energy range. Dissociation into two
ground-state atoms is never observed. H fragments are
formed in excited states withn.2 if energetically possible.
An indication is found for H~n.9! fragments. At electron
energiesErel.12 eV, two~correlated! H~n.1! fragments are
detected. After 20 s of storage time,v1.3 ions are present
in the beam. Experiments on the time dependence of the DR
rate suggest that the DR cross section for high vibrational
levels atErel50 is unusually large~more than two orders of
magnitude larger than that of the lower vibrational levels!.
The phase-space cooling process in the electron cooler wipes
out the highly excited levels via the DR process. In our opin-
ion these observations do more than simply indicate a stor-
age ring effect or an experimental nuisance. These observa-
tions imply that the determination of DR rates of H2

1 in
different experimental setups~single pass merged beam ver-
sus storage ring! may vary widely due to small variations of
high vibrational levels in the beam. For example, single-pass
crossed beam experiments using an unrelaxed ion beam will
tend to produce high cross section values.

Bates@40,41# has identified many of the accepted path-
ways for DR. At present, nearly complete quantum-
mechanical calculations show that it is often difficult to
speak of one dominating DR pathway. Even in the absence
of doubly excited neutral curve crossing the ionic curve~as
in HeH! sizable DR cross sections are found and now theo-
retically reproduced. Fortunately, many observations in H2
can be understood from the doubly excited neutral potential
curves~see Fig. 8!. From these curves product state distribu-
tions can not be predicted. The lowestQ1-state, the
(2psu)

2 1S g
1 state, interacts with the whole manifold of

1S g
1 Rydberg states. Our results show that nature tends to

populate the energetically highest possible dissociation limit.
More accurately stated, the1S g

1 state does not correlate ex-
clusively with the H~n52!1H~n51! dissociation limit.
Beautiful quantitative experiments have been performed us-
ing the TSR~Test Storage Ring! in Heidelberg, where Zajf-
man and co-workers came to similar conclusions with HD1

@28#. The quality of their spectra and the fact that their HD1

beam contains only HD1 ~v50! allowed them to quantify
the branching over then52 to n54 limits.

Dunn and co-workers@42,43# have observed fluorescence

from excited D atoms resulting from DR in a crossed beam
setup. They reported the production ofn54 andn52 (2p).
They already concluded that the production cross section of
D(2p) was much smaller than the total DR cross section.
Mitchell and co-workers employed a single-pass merged-
beams technique to study DR with very high~electron en-
ergy! resolution@13#. Using field ionization they observed a
significant production~10%! of very high n ~10,n,25!
atomic Rydberg fragments at small electron energies@44,45#.
These observations also pointed at the presence of highly
excited vibrational levels for energy conservation. The term
‘‘super dissociative recombination’’ for the DR of high-
vibrational levels of H2

1 has been used for these levels
@44,45#. Bates@46# has coined this term for unusually large
DR rates in the case of potential crossings with favorable
Franck-Condon overlap that involve Rydberg states converg-
ing to repulsive ionic states as in the present case of H2

1.
An alternative way to study the ‘‘half-collision’’ dissocia-

tion process may be by using laser excitation of the1S g
1

state ~or any of the higher-lying repulsive states!. Indeed,
using resonance enhanced multiphoton ionization studies
~REMPI! in H2, Xu et al. @47# and Verschuuret al. @48# have
observed dissociation of H2. Photoelectron spectroscopy on
the H fragments was used to determine qualitatively the
product state distribution. Hardly any H~n52! was observed,
and roughly equal amounts of H~n54 and 5! @48#. However,
the translation of these results to the dynamics during DR is
not completely clear. Theoretical predictions on the half-
collision problem are scarce. Zhdanov and Chibisov@49#
have performed calculations in which H(n) products are
formed through higher-lying doubly excited states
1,3L(2ps,nll) assuming conservation of the quantum num-
ber ‘‘n’’ during dissociation. However, the present results
suggest that even the lowest doubly excited state in H2 can
give rise to H~n>3! fragments. Hence, no simple relation
exists between the molecular configuration and the resulting
atomic fragments.

The arrival of dedicated experiments to probe product
states will enhance the attention for this aspect of DR.
Mechanistic information on DR can also be obtained from
the angular distributions of the DR fragments. AtErel values
significantly above the temperature of the cooler electrons
~100 K!, the relative collision velocity is parallel to the ion-
beam velocity. As the dissociation is prompt@50,51#, angular
distributions are expected betweens~u!5cos2u and sin2u,
depending on the molecular symmetry of the states involved.
Zajfmannet al. @28# have observed these angular distribu-
tions and concluded that the dominant channel around
Erel58 eV ~in the case of HD1! is due to a repulsive state
with 3S u

1 symmetry. This conclusion does not seem to be
supported by quantum-mechanical calculations@21,52#.

Our identification of vibrational states in an H2
1 ion beam

with ‘‘super’’ DR rates is important. In the case ofD2
1

vibrational cooling through selective destruction by rest gas
collisions was invoked to be the cause of changes in the DR
rates@18#. The present experiments show that the electron-
ion interactions are responsible for changes in the ion-beam
population. In ASTRID~The Aarhus Storage Ring, Den-
mark!, laser photodissociation has been applied to photodis-
sociate high-vibrational excited levels. These levels were
found to be present after 60 s of storage time@53#.
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For heteronuclear systems~and homonuclear with two
isotopes!, storage times of a few seconds generally suffices
for complete intramolecular cooling through radiative pro-
cesses. But, in the case of homonuclear systems, such as H2

1

and O2
1, the development of ion sources which deliver vi-

brational ground-state ions only is advisable. Mitchell and
co-workers have tried to optimize an ion source to produce
vibrationless molecular ions@54#. A cooled hollow-cathode
ion source can produce an O2

1 ~v150! beam, as has been
shown using a dissociative charge-transfer collision@55# to
probe the population.

In the present experiments changes have been seen in the
vibrational population due to the DR process itself atErel50
eV. Preliminary quantal calculations on the size of the DR
cross section show a fortyfold increase of the DR cross sec-
tion of thev55 and 9 levels with respect to thev50 levels
@52#, which is less than is concluded from the experiment. In
these calculations only the so-called direct channel has been
taken into account.

We have mentioned superelastic collisions~SEC! but
have not obtained direct proof of the importance thereof.
Guberman@56# on N2 and Sarpal and Tennyson@36# on H2
have treated this process neglecting nonadiabatic effects. The
vibrational cooling time of H2

1 can be estimated@36# using
the data at 100 K~our electron resolution is 10 meV!. The
interaction length~l50.8 m! is 1.5% of the ring circumfer-
ence ofL552 m. The electron density is taken to bene5107

cm23 ~15 mA!. The deexcitation rates from@36# for v151
andv152 area158.531028 anda251.231027 cm3/s. The
cooling ratekc,i for vibrational level ‘‘i ’’ is now given by

kc,i5ne
1

L
ai . ~4!

This results in cooling times (k c,i
21) of 76 s and 32 s for

v151 andv152, respectively. Superelastic vibrational cool-
ing rates are comparable to the DR cross sections, because
SEC look like DR collisions, in which the ‘‘survival’’ part
failed. Therefore, SEC may play an important role for the
high-vibrational levels with the high DR rates. Sarpal and
Tennyson note that the deexcitation rate of thev151 is
nearly equal to the DR rate as calculated by Giusti-Suzor,
Bardsley, and Derkits@57# and Takagi, Kosugi, and Dour-
neuf @58#, whereas the deexcitation rate of thev152 level
even exceeds the DR rate by a factor of two. Using the above
cooling times, full vibrational relaxation by SEC will take
many minutes.

The DR rate depends also on the rotational quantum num-
ber @59#. Regarding this degree of freedom, H2

1 differs

strongly from HD1. As the ion source is run at rather high
pressure, an elevated rotational temperature of a few 100 K
is expected because of ion-molecule reactions. If radiative
processes in the storage ring dominate, then HD1 is cooled
to room temperature in a few seconds whereas H2

1 remains
rotationally hot. Rotational cooling through superelastic col-
lisions with cooler electrons will have a profoundly different
effect on both isotopomers. In HD1, cooling by SEC and
heating by blackbody radiation will result in an effective
temperature around the temperature of the ring of 300 K. In
H2

1, heating by black-body radiation is absent and much
lower rotational temperatures may be reached. Although vi-
brational or rotational SEC have not been demonstrated, a lot
of electron-molecular ion dynamics can be learnt using state-
selective ion beams.

V. CONCLUSIONS

In this paper results have been described on dissociative
recombination of H2

1 and HD1. Product state information
has been obtained on H2

1. A propensity to create excited
hydrogen fragments, evenn.9 Rydberg atoms, at low elec-
tron collision energies, a distinct anisotropy at higher elec-
tron energies and finally two excited atoms at the highest~15
eV! collision energies have been observed. In contrast to
HD1, an H2

1 ion beam is found to contain vibrationally
excited ions. As concluded from a strongly time-dependent
DR rate, higher-vibrational levels have very high DR cross
sections at least two orders of magnitude higher than the
low-vibrational levels. We conclude that DR experiments on
H2 and D2 require caution in their interpretation as small
variations in the ion-beam population may have drastic ef-
fects, clearly hampering comparisons between different ex-
perimental techniques.
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