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Probing very slow H¿¿D„1s… collisions using the ground-state dissociation of HD¿

E. Wells,* K. D. Carnes, and I. Ben-Itzhak
J. R. Macdonald Laboratory, Department of Physics, Kansas State University, Manhattan, Kansas 66506-2604

~Received 31 October 2002; published 18 March 2003!

Sub-eV collisions between protons and atomic deuterium targets are studied by utilizing the very slow
dissociation of HD1 from its electronic ground state. Studying the resulting H11D(1s) ‘‘half’’ collisions
accesses energies more than an order of magnitude lower, and with better energy resolution, than previous
measurements. The collision energy is determineda posteriori via three-dimensional momentum imaging.
New results for energies near the threshold for charge transfer, incorporating an improved approach to the
key problem of subtracting the H2

1 background, are presented along with a discussion of the experimental
technique.
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I. INTRODUCTION

The dominant charge changing reaction in slow ion-at
collisions is charge transfer, and therefore understanding
reaction is a key part of investigations of plasma enviro
ments ranging from tokamaks and cold plasma processin
planetary atmospheres and interstellar clouds@1–5#. A proton
colliding with a hydrogen atom in the electronic ground st
is, in turn, the most basic ion-atom collision system for e
amination of the charge-transfer mechanism. These fun
mental three-body collisions have been investigated theo
cally at least since the 1953 semiclassical calculation
Dalgarno and Yadav@6#. Experimental examination has als
been extensive, as discussed by Gilbody in his review@7#.

The heteronuclear H11D(1s) collision system, though
electronically similar to the H11H(1s) system described
above, differs from it in two significant respects. First, t
different nuclear masses lead to experimentally distingu
able final products, enabling experiments to probe this s
tem at lower energies@7,8#. More importantly, the difference
in nuclear mass breaks the symmetry under nuclear exch
and creates a small energy gap between the lowest two
tronic states of the transient HD1. Thus, charge transfer in
the H11D(1s) system is only a near resonant process. T
difference is significant, since calculations of the HD1 po-
tential must go beyond a strict Born-Oppenhimer appro
to address the fact that the center of mass and the cent
charge are not located in the same place for this sys
@9–17#. The isotopic splitting of the lowest two HD1 elec-
tronic states is illustrated in Fig. 1. The H11D(1s) collision
system is frequently used as a test case by theorists see
different approaches to the problem of electron transla
factors for scattering calculations within the molecular
bital framework@9–11,14,16,17#. At very slow collision ve-
locities, these translation factors can give rise to cert
‘‘spurious couplings’’ in some calculations@11#, the origins
of which are still a source of some controversy@16,18#. In
addition, the H11D(1s) system has specific applications
atmospheric physics, where it helps regulate the escap
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hydrogen from planetary atmospheres@3#, and astrophysics
where it is an important step in the creation of several d
terated molecules@5,19–21#.

Theoretical interest in the H11D(1s) collision system is
highest at energies lower than 1 eV, since most of the iso
pic effects disappear at higher energies@11#. Most experi-
ments, however, have been done at collision energies ab
10 eV @7#. Using a traditional merged-beams approach
obtain experimental results at these low energies is diffic
since the relative velocity of the neutral and ion beams m
be controlled very precisely. Newman and co-workers@8#
were able to measure charge transfer in the H11D(1s) sys-
tem down to 120230

148 meV. While a remarkable achieveme
for a merged-beam experiment, the energy resolution of
experiment was still insufficient to probe theory in a stri
gent way.

We have recently reported measurements of charge tr
fer and elastic scattering using a new method that does
suffer from the limitations of the merged-beams techniq
@22#. In this technique, the dissociation of HD1 molecular
ions in the vibrational continuum of the electronic grou

,

FIG. 1. The ground and first-excited HD1 potential-energy
curves, calculated by Esry and Sadeghpour@13# showing the isoto-
pic splitting of the energy levels and the shift from the Bor
Oppenheimer calculations.
©2003 The American Physical Society08-1
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state is used to produce very slow H11D(1s) ‘‘half’’ colli-
sions. In a half collision, the dissociating fragments, H1

1D(1s), evolve from the internuclear separation at the tim
of the ionization,R'R0, to R5`. The difference between
these half collisions and traditional ‘‘full’’ collisions is tha
during the half collision, the range of internuclear distanc
is traversed only once. Charge transfer can occur during
dissociation process, most likely nearR512 a.u., where the
coupling is strongest@17#. Experimentally, the signature of
charge-transfer event is the detection of a very slow D1 ion,
while elastic scattering is associated with a H1 ion. The col-
lision energy is determined by measuring the vector mom
tum of the low-energy charged fragment produced in
ground-state dissociation process. In essence, the disso
ing molecule is used as an accelerator for the investigatio
this fundamental very low-energy charge-transfer proce
Furthermore, it enables studies of elastic scattering, an in
esting reaction channel at low energies, that cannot be m
sured using merged-beam techniques.

In this paper we present, in detail, this experimen
method and examine its limitations. New results for t
charge-transfer channel, reflecting a modified approach to
subtraction of the H2

1 contamination from the measuremen
are presented. The new data extend the range of the ex
ment almost down to the 3.7 meV threshold of charge tra
fer. The ultimate experimental limit with this technique
examined using a simulation. In addition, we suggest h
this dissociation channel can be used as a sensitive prob
molecular alignment and momentum transfer in io
molecule collisions.

II. EXPERIMENTAL METHOD

As described previously@22–24#, and illustrated in Fig. 2,
the ‘‘ground-state dissociation’’~GSD! process is initiated by
single ionization of a neutral HD target by a fast~usually 4
MeV! proton. The resulting vertical ionization, which is d
scribed very well by the Franck-Condon approximatio
populates the vibrational continuum of the HD1(1ss) state
1.0040%60.0008% of the time relative to the domina
nondissociative single-ionization channel@23#. The
HD1(1ss) state then dissociates into H11D(1s), which
can potentially undergo a charge-transfer reaction, as
scribed in the Introduction. The probability of a GSD eve
occurring as a function of the kinetic energy released in
dissociation,P(Ek), is a maximum atE50, and falls off
approximately exponentially with a width of about 300 me
@23#. Many GSD events, therefore, result in collision en
gies that are much lower than can easily be achieved usi
merged-beams method, making the GSD process a valu
experimental tool for studies of very slow H11D(1s) colli-
sions. While pure single ionization populates only t
HD1(1ss) ground state, fast proton impact on neutral H
can lead to ionization excitation and double ionization
well. These processes also produce H1 and D1 ions, but
have kinetic-energy releases much larger than GSD, and
thus experimentally distinguishable. For example, ionizat
of one electron and excitation of the other to the 2ps state
will result in a D11H(1s) half collision with a few eV,
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much higher in energy than the GSD events of interest.
Experimentally, the procedure is to identify the recoil io

by its mass to charge ratio first, and then determine the h
collision energya posteriori from the measured momentum
vector of the dissociating charged fragments for each co
sion event. The experimental setup is shown in Fig. 3. Si
the energy of the GSD fragments is almost always less t
1 eV, cold target recoil ion momentum spectrosco
~COLTRIMS! @25,26# methods are well suited for determ
nation of the fragment momentum. Our apparatus, wh
was described briefly in previous publications@22–24#, uses

FIG. 2. A schematic view of the GSD process. Ionization of t
HD molecule by an incident 4 MeV proton results in vertical tra
sitions to the HD1 electronic ground state. If the populated 1ss
vibrational state is in the continuum, a dissociation follows. Cha
transfer can then occur during the dissociation. The coupling
tween the 1ss and 2ps states is strongest near 12 a.u.@17#. The
HD curve is from Ref.@12# and the HD1 curves from Ref.@13#.

FIG. 3. ~Color online! A conceptual drawing of the cylindrically
symmetric apparatus. Note the lab-frame coordinate system, w
is used throughout this paper.
8-2
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many COLTRIMS techniques. It differs, however, from
traditional transverse extraction COLTRIMS apparatus
two main respects. First, our neutral target does not origin
from a supersonic jet aligned perpendicular to both the
traction field and the incident projectile. In our system, HD
precooled to approximately 15 K in a gas cell, and th
effuses out of a thin tube~0.3 mm diameter 3.5 mm long!
toward the position sensitive detector. This cold gas je
intersected by a bunched 4 MeV proton beam at a 90° an
The length to width ratio of the tube is sufficient to collima
the effusive beam of the neutral target somewhat@27# and the
flow is further restricted by a 0.5 mm hole in the pusher~and
skimmer! plate of the spectrometer, as shown in Fig. 3. T
distance from the exit of the gas cell to the interaction po
of the neutral and ion beams is approximately 7 mm, and
size of the target at the interaction region is about 1.5 m
This geometry was selected as a compromise between
experimental need to have a cold localized gas target and
economic need to reduce the use of rather costly HD g
This geometry leads to the second difference between
apparatus and a typical COLTRIMS apparatus. In our exp
ment, the ionized electron is not measured, since the effu
jet assembly is located in the space that might be occu
by an electron detector. The temperature of the effusive
get is determined by fitting a Maxwell-Boltzmann distrib
tion to the measured HD1 energy distribution as illustrate
in Fig. 4. Our target temperature was determined to
'15 K using this method.

The charged fragments produced in the collision are
tracted by the electrostatic fields of our spectrometer
accelerated toward a two-dimensional position sensitive
tector. The detector is used to record both the position
arrival times of the fragments event by event. The pro
beam is bunched to widths ranging from 0.8 to 1.2 ns, a
the fragment time-of-flight is determined relative to a sign
synchronized to the buncher master clock. The beam-bu
repetition rate was selected such that the time betw
bunches, typically between 10.6 and 84.8ms, was longer

FIG. 4. The measured energy distribution of HD1 ions produced
by 4 MeV proton impact. The temperature of this distribution
determined by fitting it with two Maxwell-Boltzmann distributions
The warm gas and cold gas contributions are approximately eq
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than the flight times of the ions of interest, i.e., the H1 and
D1 fragments of HD1, and H2O1 which indicated the con-
tamination level of residual water vapor in the vacuum s
tem.

From the measured position and time of flight of the fra
ments, the full three-dimensional momentum vector, a
therefore the dissociation energy, was reconstructed. Th
nite size of the target was corrected by using a weak elec
static lens@23#. The focusing voltage was selected to obta
the best three-dimensional focus. The time-of-flight reso
tion was typically 1.6 ns, and was dominated by the 1
channel width of the time-to-digital converter and the 1.2
beam-bunch width. The resolution of the resistive anode
sition sensitive detector used was 0.18 mm. They and z
momentum components~note the coordinate system in Fig
3! were extracted from the position of the fragments on
position sensitive detector. Thex component of the momen
tum was directed along the time-of-flight axis. The conv
sion toPx from the time of flight was accomplished by simu
lating the effects of the extraction field in SIMION@28#. In
the simulation, the time of flight was evaluated for ions ha
ing a full range of possiblePx values ~as expected from
theory @17,22#!. The simulated time-of-flight dependence o
Px was well described by a second-order polynomial, wh
was used to convert the measured time of flight toPx .

The validity of the simulation was verified by the nic
agreement between the simulated and measured time
flight of the different species in our target. In general, t
difference between the simulated and measured times
flight was better than 1–3 ns out of total flight times of
least 1ms, and often more than 10ms ~a relative error of
0.1%!. While the differences between experimental a
simulated time of flight are comparable to the error in t
time-of-flight measurement, it is the difference in the time
flight from the peak centroid,t(vx)2t(vx50), that is
needed to evaluatePx . The error in this quantity is much
smaller as most sources of error affect botht(vx) and t(vx
50) equally, and the errors cancel upon subtraction. At l
extraction fields, many GSD fragments had enough kine
energy release to strike the spectrometer pusher or skim
plate. As a result, only half of the momentum distributio
~GSD fragments with an initial velocity toward the positio
sensitive detector! are used for the results shown in the fo
lowing section. In addition, GSD fragments with positiv
initial velocity were unaffected by small spectrometer fie
distortions near the 0.5 mm hole in the skimmer or pus
plate.

Determination of the D1 yield and, hence, the charge
transfer probability, is complicated by the presence of H2 in
the target. We have developed and previously reported
two reliable methods for measuring the level of this H2 con-
tamination in the HD target@23#. Briefly, the H2

1 contami-
nation level is determined by separating the H2

1 molecular
ions from D1 GSD fragments by differences in momentum
or by careful analysis of the time-of-flight spectrum from
HD target and theoretical knowledge of the GSD fractio
based on Franck-Condon calculations@23#. For the current
experiment, however, this is not enough, since the quan
of interest is the D1 yield as a function ofEk . One approach

al.
8-3
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WELLS, CARNES, AND BEN-ITZHAK PHYSICAL REVIEW A67, 032708 ~2003!
to this problem was to use the abundant HD1 events col-
lected in the experiment as a high precision simulation of
H2

1(Ek) population@22#. Since the H2, HD, and D2 mol-
ecules in the target all came from the effusive jet, and the
fore the same heat reservoir, it seemed reasonable to ex
that the energy distributions of the HD1 and H2

1 popula-
tions would be identical. As shown in Fig. 5, however, t
various isotopes had a slightly different distribution at lo
energies. While this made very little difference in the char
transfer measurement above'40 meV, near threshold i
proved problematic. The HD1 population was too narrow to
correctly simulate the H2

1 distribution, leading to a system
atic over subtraction from theD1(Ek) population near
threshold.

The difference in energy distribution might be related
the momentum transferred to the molecule in the ionizat
process. If the momentum transfer is photoionization-li
~that is, equally balanced between the electron and re
ion! as has been observed for similar collisions in which
projectile has a lowz/v @25,31#, the resulting recoil energy
distribution should be narrower for heavier targets. A sim
scaling based on this assumption, however, does not ent
account for the differences seen in Fig. 5. A second poss
ity is that the flow from the effusive jet is somewhat ma
dependent. This would most likely be the case if the press
in the cooling cell was high enough that molecular flo
could not be assumed. Measurements of the inlet gas p
sure would seem to indicate that assuming molecular flow
valid, but a systematic study of the energy distribution a
function of driving pressure has not been carried out to d

Whatever the cause of the difference in the energy dis
butions, we have adopted another approach to determine
yield of H2

1 as a function of energy. Since the relativ
amounts of H2 and HD can be well established by our pr
vious methods@23#, we simply conduct a separate measu
ment with a pure H2 target to determine the energy distrib

FIG. 5. The measured energy distributions for H2
1 , HD1, and

D2
1 after single ionization by 4 MeV protons. The heavier D2

1

ions have a narrower energy distribution, while the lighter H2
1 ions

have the widest distribution. The reason for the different width d
tributions remains undetermined.
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tion. Some care must be taken to ensure the experime
conditions are the same between the runs with the HD
H2 targets, since the measurement is sensitive to sm
changes in the temperature of the target and the spectrom
voltages. Once the H2

1 energy distribution is obtained, th
yield is normalized to the level of the H2

1 contamination in
the HD target using previous methods@23# and the H2

1 con-
tamination is subtracted from theD1(Ek) measurement.
This brings the measured threshold significantly closer to
expected threshold than in our previous publication@22#. As
we will discuss in the next section, however, some discr
ancy still exists.

Details on several other experimental considerations,
cluding detection efficiency, subtraction of contributions
the m/q51 and 2 channels from residual water vapor in t
target, and limiting chemical reactions of the dissociati
fragments with the residual gas, may be found in our ear
publications@22–24#.

III. RESULTS AND DISCUSSION

Denoting the measured yields of the GSD events
H1(Ek) and D1(Ek), the probability for charge transfer i
given by

Pt~Ek!5
D1~Ek!

H1~Ek!1D1~Ek!
5

s t

se1s t
, ~1!

wherese and s t are the theoretically computed values f
H1(Ek) and D1(Ek) production, respectively@23#. While
Pt(Ek) is typically expressed in terms of theS-matrix ele-
ment, Eq.~1! has the advantage of allowing a direct com
parison between experiment and theory. Similarly, the pr
ability for elastic scattering is

Pe~Ek!5
H1~Ek!

H1~Ek!1D1~Ek!
5

se

se1s t
. ~2!

Finally, the ratio of the bound-free transitions to total sing
ionization, calculated from the Franck-Condon factors, c
be expressed as

P~Ek!5
H1~Ek!1D1~Ek!

s1
5

H1~Ek!1D1~Ek!

HD11H11D1
, ~3!

wheres1 is the pure single-ionization cross section@ioniza-
tion to the HD1(1ss) ground state# and HD1 is the mea-
sured yield of HD1 molecular ions.

The factors contributing to the uncertainty in determini
the kinetic-energy releaseEk can be grouped into two cat
egories. The first type includes factors that influence
center-of-mass motion of the HD1 ion. Thermal motion adds
an energy spread of 1.2 meV at the temperature (1
62.1 K) of our precooled gas target. The recoil energy i
parted to the HD1 ion during the vertical ionization also
adds to the center-of-mass motion of the HD1 ion. We could
not find any experimental data for the recoil momentum d
tribution in our collision system~4 MeV H11HD→H1

1HD11e2), but we can estimate the value from slight
different collision systems. Extrapolating the results of Tob

-
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PROBING VERY SLOW H11D(1s) COLLISIONS . . . PHYSICAL REVIEW A 67, 032708 ~2003!
ren and Wilson@29# to lower collision energies gives a reco
momentum distribution with a full width at half maximum
~FWHM! of ;0.11 a.u. Using the very low-energy values
Tribedi et al. @30# and merging those results with the highe
energy measurements of Toburen and Wilson yields
FWHM of ;1 a.u. In addition, measurements of ionizati
in the 4 MeV H11He collision system reveal a momentu
distribution of '0.5 a.u.@31#, in between the previous two
estimates. The second category of factors influencing the
ergy resolution are related to the measurement techniqu
self, including the position and timing resolution, discuss
in Sec. II.

Previously, we have reported measurements ofPt(Ek)
with Ek ranging from threshold to nearly 1 eV@22#. This
paper will focus on measurements near the threshold
charge transfer. Our measurement ofPt(Ek) is shown in Fig.
6. The experimental results are compared to coupled-cha
scattering calculations. The scattering calculations, base
the adiabatic potentials calculated by Esry and Sadegh
@13#, were initially done for the full-collision problem@17#.
The calculations were then modified to fit the current ha
collision problem@22#. The modifications were needed
account for the Franck-Condon transition from the neu
molecule as well as the target temperature. Projecting
ground state of the neutral HD molecule onto the continu
states of HD1 @23# links the results of the coupled-channe
scattering problem with the vertical ionization process. T
target temperature of less than 20 K means our calculat
need only includeJ50, since it is essentially the only rota
tional state initially populated at that temperature. Much
the structure seen in the full-collision calculations is n
present in the current calculations, since that structure ar
from shape resonances forJ>10 @17#. Our measurement
show good agreement with the coupled-channel calculat
for the energy range measured, with the exception of

FIG. 6. Experimental results for the charge-transfer (Pt) chan-
nel as a function ofEk . Ek is measured relative to the D(1s)
threshold. Also plotted are the theoretical calculations@22#. The
thick line shows the results of a simulation used to convolute
theoretical results with the factors affecting the experimental re
lution.
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threshold behavior. The theoretical predictions are also c
voluted with the experimental resolution using a simulati
~described below!, but this does not account for the diffe
ence between theory and experiment near threshold.
disagreement is most likely due to a systematic error in s
tracting the H2

1 contamination from the target at very low
energies. As noted previously, and shown in Fig. 5, the i
topic difference in measured energy distributions leads to
over subtraction of the H2

1 contamination near threshold
This systematic error is caused by differences in the shap
the actual energy distribution of H2

1 with respect to the
distribution we used to subtract background from the da
The error is not due to any error in estimating the magnitu
of the H2 contamination. This systematic error is larg
enough to account for all of the'3 meV offset between
theory and experiment near threshold in Fig. 6. This probl
is localized near threshold, and forEk.10 meV, the energy
distribution of H2

1 is well determined, thus resulting in
minimal effect. Coincident measurement of the moment
of the ionized electron or a careful study of any ma
dependent effects in the velocity distribution of the effusi
jet might resolve this systematic error.

For the elastic channel, it is more convenient for us
compare

se5Pe~Ek!P~Ek!5
H1~Ek!

s1
, ~4!

to theory since Eq.~4! does not contain the problematic D1

channel. In contrast to the charge-transfer channel, wh
showed no resonance structure, our calculations for the e
tic channel show twoJ50 Feshbach resonances located b
low the threshold for charge transfer@22#. The experimental
results for this elastic channel are shown in Fig. 7. Again,
find theory and experiment to be in good agreement.

e
o-

FIG. 7. Experimental results for the elastic-scattering (se) chan-
nel as a function ofEk . Theoretical results@22#, and those results
convoluted with the experimental resolution are shown in a man
similar to Fig. 6.
8-5
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WELLS, CARNES, AND BEN-ITZHAK PHYSICAL REVIEW A67, 032708 ~2003!
It is important to note that Figs. 6 and 7 represent a dir
comparison, described in Eqs.~1! and ~4!, between theory
and experiment, without the need to scale by some arbit
factor. The half-collision calculations that complement th
experiment@22# are identical to the calculations done for
full-collision system@17# except for the need to incorpora
the vertical transition from the neutral HD molecule, a
therefore these experimental results represent the first d
test of theory in this very low-energy range. These res
demonstrate the feasibility of using the GSD process to st
this basic ion-atom collision at energies much lower, a
with better resolution, than presently possible using tra
tional merged-beams techniques. The current experim
lacks the resolution, however, to map the structure cause
the Feshbach resonances in the elastic channel. This is
fortunate, since a measurement of the resonance loca
would be a very useful test of theory, as this method is m
stringent than comparing total cross sections@17#.

IV. FUTURE DEVELOPMENTS

Is it possible to improve the experimental resoluti
enough to map the resonance structure in the elastic chan
To investigate this question, we have constructed a sim
tion to investigate how the various factors leading to unc
tainty in the measured KER propagate in the measurem
and affect the ultimate resolution of the experiment. T
simulation convolutes the theoretically predicted char
transfer and elastic-scattering probabilities with the detec
~position and TOF! resolution of the GSD fragments, th
center-of-mass thermal motion of the HD target, the cen
of-mass recoil during the ionization process, and the po
bility of a systematic shift in the centroid of the D1 TOF
peak. Besides the theoretical charge-transfer and ela
scattering probabilities, the inputs to the program include
TOF centroids for the H1 and D1 peaks, the spectromete
geometry, and the two coefficients of the second-order p
nomial used in the conversion of fragment time of flight
Px . For each simulatedEk value, a molecular orientation i
chosen using a Monte Carlo approach. Isotropic angular
tribution is assumed for the GSD process. The simula
TOF and position of impact on the detector are calcula
based on the spectrometer geometry. The different source
Ek broadening are then added to these values, and the re
ing Ek is binned into an equally spaced energy spectrum,
as in the actual measurement.

If only the energy broadening due to detection resolut
is included in the simulation, the structure associated w
the two Feshbach resonances in the elastic channel is
quite noticeable. When the center-of-mass broadening
added into the simulation, the resonance structure disapp
Our experimental results for the elastic channel are in g
agreement with the simulation, especially if the recoil m
mentum distribution is assumed to have a FWHM nea
a.u., which is on the larger side of the estimates discus
above. In the charge-transfer channel, the experimenta
sults have the shape predicted by the simulation, but ap
to be shifted by 2 to 3 meV from the expected value. T
shift is most likely related to a remaining systematic error
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the subtraction of the H2
1 contamination. The simulation

shows conclusively that most of theEk broadening is due to
uncertainties in the center-of-mass motion of the HD1 target.

For the present experimental setup, the factors affec
the center-of-mass motion of the HD target are fixed. A d
ferent experimental design, allowing for additional geomet
cooling of the target and coincident detection of the ioniz
electron, could improve the energy resolution by reduc
these sources of broadening. Rotating the jet so it is perp
dicular to both the time-of-flight and ion-beam axis wou
allow for the location of an electron detector opposite to
recoil ion detector. This standard COLTRIMS configurati
@25,26# would allow the recoil momentum distribution to b
measured, reducing the uncertainty in the center-of-mass
tion of the HD target. In addition, the temperature of the H
target could be further reduced using a precooled supers
gas jet with multiple~usually two! molecular beam skim-
mers. Such a configuration has yielded target temperature
77 mK @26#. Furthermore, the presence of two or more ski
mers reduces the ‘‘hot gas’’ contamination in the target
negligible levels. The simulated results forse under these
experimental conditions are shown in Fig. 8. The dip in t
cross section associated with the first Feshbach resonan
clearly visible.

The price for such an improvement is the conversion fr
an economical effusive jet that was located within 1 cm
the interaction region to a more expensive multiple sta
supersonic jet. Deuterium hydride gas is costly, with a sup
sonic jet of the type described above estimated to use m
than $10k/day. A more economical alternative might be
ducing the number of skimmers and, thereby, reducing
gas consumption. To estimate the resolution that could
obtained with such a configuration, we note that Wuet al.
@32# introduced a single skimmer to improve their transve
momentum resolution by;63 over the experiments o
Frohneet al. @33# and Ali et al. @34#, who used effusive jet
sources similar to the current apparatus. Using this enha
ment in resolution to estimate the expected improvemen
our current source yields a target temperature of 5 K.
addition, a single skimmer does not reduce the hot gas c
tamination as effectively. Based on the experience
Landers @31# with a single-skimmer jet, we estimate th
about 30% of the target will be hot gas. When using the
estimates as inputs for the simulation, the simulatedse re-
sults are able to marginally resolve the Feshbach reson
location, as shown in Fig. 8. The improvements discus
above will also improve our ability to probe the thresho
behavior of the charge-transfer channel, as shown in Fig
The simulated results shown in Fig. 9 assume that the
tematic error in the subtraction of the H2 contamination is
overcome. Currently, however, the H2 contamination remains
the largest obstacle to probing the threshold region in
channel.

Beyond this measurement, the GSD process can be
as a sensitive probe in other ion-molecule collisions. M
suring the momentum vector of the dissociating fragme
allowsa posterioridetermination of the molecular alignmen
at the time of the collision. Anisotropies of angular distrib
tions of H2 dissociation products have been studied
8-6
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nearly seven decades@35#. Dunn described general rules fo
transition probabilities between pairs of electronic states
H2 collisions with electrons@36,37#. Dissociative ionization,
however, predominantly occurs from excited electro
states, complicating the analysis. Focusing on the GSD c
nel allows measurements of the angular distribution of
pure single-ionization channel alone, a significant exp
mental improvement. Analysis of the present data as a fu
tion of molecular alignment shows little anisotropy. Th
present measurement, however, is compromised by the ra
large amount of hot gas in our target. Improving the appa
tus to reduce the hot gas, as discussed earlier in this p
would improve this measurement considerably.

Recent measurements of electrons ionized in 60 Me
Kr3411H2 collisions reveal oscillations in the electron em
sion cross section resulting from interference effects an
gous to Young’s double slit experiment@38#. These measure
ments are integrated over the molecular orientation,
considerable analysis was required to uncover the osc
tions in the cross section. Measurements of the GSD fr
ments in coincidence with the electrons would eliminate

FIG. 8. Theoretical predictions forse @22# and the expected
experimental results with an improved apparatus. Expected re
from a state-of-the-art two-stage supersonic jet and COLTRI
apparatus are shown in~a!, while a jet configuration with more
economic HD consumption are shown in~b!. The target tempera
ture in ~a! is 77 mK, while in ~b! it is 5 K. Warm gas~100 K!,
accounts for 5% of the target in~a! and 30% in~b!. Mapping the
resonance locations seems possible using~a!, while ~b! seems mar-
ginal. Both~a! and~b! assume the detection of the ionized electr
to measure the recoil momentum imparted to the HD1 molecular
ion during the collision.
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need to integrate over the molecular orientation. In additi
the GSD process is clearly associated with single ioniza
to a well-defined final state, further simplifying the problem
As a practical matter, the collection of 50–100 eV electro
~which have a de Broglie wavelength similar to the intern
clear distance of H2) in coincidence with GSD fragment
below 1 eV is nontrivial, but could conceivably be accom
plished by a COLTRIMS apparatus with a pulsed extract
field or a spectrometer with multiple extraction and accele
tion regions.

In slow ion-molecule collisions, the GSD process h
proved useful in separating the momentum transferred to
center-of-mass motion of the molecular target from the m
mentum imparted to internal motion of the nuclei. Since t
GSD fragments are very slow, they are sensitive probes
the momentum transfer. This technique, when applied
slow (v<0.5 a.u.) He11H2 collisions, has shown that ion
ization transfers some momentum to the internal motion
the nuclei, while the electron capture process does not@39#.

V. SUMMARY

We have developed a method for studying very slow c
lisions between a proton and a deuterium atom. This met
utilizes the ground-state dissociation of HD1(1ss) to pro-
duce very slow H11D(1s) half collisions. Momentum im-
aging of the dissociating charged GSD fragments is use
determine the collision energy. We have extended the en
range down by more than one order of magnitude and ob
much better energy resolution than is presently possible
merged-beams experiments. These experimental

lts
S

FIG. 9. Similar to Fig. 8 except for the charge-transfer chann
8-7
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sults provide a direct test of half-collision scattering calcu
tions. Since our half-collision calculations were done us
the same techniques as for the full-collision problem@17#,
our results provide an experimental test of the theory for
fundamental, very slow, ion-atom collision system. Simu
tions indicate that, with some apparatus modification to
tain better momentum resolution, this technique should
able to probe the location of Feshbach resonances in
elastic-scattering channel, an even more stringent tes
theory than the current results. Finally, the very slow G
fragments are sensitive probes of molecular alignment
momentum transfer in ion-molecule collisions, and we d
n
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s
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scribe several measurements that further utilize the G
process.
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