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Probing very slow H+D(1s) collisions using the ground-state dissociation of HD
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Sub-eV collisions between protons and atomic deuterium targets are studied by utilizing the very slow
dissociation of HD from its electronic ground state. Studying the resulting+#D(1s) “half” collisions
accesses energies more than an order of magnitude lower, and with better energy resolution, than previous
measurements. The collision energy is determiaegdosteriori 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 i background, are presented along with a discussion of the experimental
technique.
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I. INTRODUCTION hydrogen from planetary atmosphef&3, and astrophysics,
where it is an important step in the creation of several deu-
The dominant charge changing reaction in slow ion-atonterated moleculefs,19-21.
collisions is charge transfer, and therefore understanding this Theoretical interest in the H+ D(1s) collision system is
reaction is a key part of investigations of plasma environ-highest at energies lower than 1 eV, since most of the isoto-
ments ranging from tokamaks and cold plasma processing tpic effects disappear at higher energj@4]. Most experi-
planetary atmospheres and interstellar cldudss|. Aproton  ments, however, have been done at collision energies above
colliding with a hydrogen atom in the electronic ground statel0 eV [7]. Using a traditional merged-beams approach to
is, in turn, the most basic ion-atom collision system for ex-obtain experimental results at these low energies is difficult,
amination of the charge-transfer mechanism. These fundaince the relative velocity of the neutral and ion beams must
mental three-body collisions have been investigated theoretbe controlled very precisely. Newman and co-workgg$
cally at least since the 1953 semiclassical calculation ofvere able to measure charge transfer in thetD(1s) sys-
Dalgarno and Yadaf6]. Experimental examination has also tem down to 12035 meV. While a remarkable achievement
been extensive, as discussed by Gilbody in his reViglw for a merged-beam experiment, the energy resolution of that
The heteronuclear H+D(1s) collision system, though experiment was still insufficient to probe theory in a strin-

electronically similar to the H+H(1s) system described gent way.
above, differs from it in two significant respects. First, the We have recently reported measurements of charge trans-
different nuclear masses lead to experimentally distinguishfer and elastic scattering using a new method that does not
able final products, enabling experiments to probe this syssuffer from the limitations of the merged-beams technique
tem at lower energiels/,8]. More importantly, the difference [22]. In this technique, the dissociation of HDmolecular
in nuclear mass breaks the symmetry under nuclear exchanggns in the vibrational continuum of the electronic ground
and creates a small energy gap between the lowest two elec-

tronic states of the transient HD Thus, charge transfer in 0.4998 e .

the H" + D(1s) system is only a near resonant process. This 0.4995 |- : Esry and Sadeghpour [13] ]

difference is significant, since calculations of the Hpo- L L\ e Born-Oppenheimer ]
04996 [ - g

tential must go beyond a strict Born-Oppenhimer approach
to address the fact that the center of mass and the center ¢ .0.4997 .
charge are not located in the same place for this systen I 2po
, ) - 0.4998 .
[9-17]. The isotopic splitting of the lowest two HDelec- —_ :
tronic states is illustrated in Fig. 1. The"H D(1s) collision 5 0499
system is frequently used as a test case by theorists seekirg .o.s5000 [
different approaches to the problem of electron translation
factors for scattering calculations within the molecular or- I
bital framework[9-11,14,16,1F At very slow collision ve- -0.5002 |-
locities, these translation factors can give rise to certain 5003
“spurious couplings” in some calculatiori41], the origins
of which are still a source of some controvef$y6,18. In
addition, the H + D(1s) system has specific applications in
atmospheric physics, where it helps regulate the escape oi
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FIG. 1. The ground and first-excited HDpotential-energy
curves, calculated by Esry and Sadeghgddi® showing the isoto-
*Present address: Department of Physics, University of Virginiapic splitting of the energy levels and the shift from the Born-
Charlottesville, VA 22904-4714. Oppenheimer calculations.
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state is used to produce very slow HD(1s) “half” colli-

sions. In a half collision, the dissociating fragments! H
+D(1s), evolve from the internuclear separation at the time
of the ionization,R~R,, to R=0o0. The difference between
these half collisions and traditional “full” collisions is that
during the half collision, the range of internuclear distances
is traversed only once. Charge transfer can occur during the
dissociation process, most likely ndar12 a.u., where the
coupling is strongedtl7]. Experimentally, the signature of a
charge-transfer event is the detection of a very slowi@n,
while elastic scattering is associated with & tén. The col-
lision energy is determined by measuring the vector momen-
tum of the low-energy charged fragment produced in the
ground-state dissociation process. In essence, the dissociat-
ing molecule is used as an accelerator for the investigation of
this fundamental very low-energy charge-transfer process.
Furthermore, it enables studies of elastic scattering, an inter-
esting reaction channel at low energies, that cannot be mea-
sured using merged-beam techniques.

In this paper we present, in detail, this experimental
method and examine its limitations. New results for the
charge-transfer channel, reflecting a modified approach to the
subtraction of the K" contamination from the measurement,
are presented. The new data extend the range of the experi-
ment almost down to the 3.7 meV threshold of charge trans- g, 2. A schematic view of the GSD process. lonization of the
fer. The ultimate experimental limit with this technique is HD molecule by an incident 4 MeV proton results in vertical tran-
examined using a simulation. In addition, we suggest howitions to the HD electronic ground state. If the populatedol
this dissociation channel can be used as a sensitive probe ghbrational state is in the continuum, a dissociation follows. Charge
molecular alignment and momentum transfer in ion-transfer can then occur during the dissociation. The coupling be-
molecule collisions. tween the 0 and 2po states is strongest near 12 g.u7]. The

HD curve is from Ref[12] and the HD' curves from Ref[13].

E (au)

R (auw)

Il. EXPERIMENTAL METHOD
. ] ) o much higher in energy than the GSD events of interest.

As described previously22—24, and illustrated in Fig. 2, Experimentally, the procedure is to identify the recoil ion
the “ground-state dissociatioGSD) process is initiated by py jts mass to charge ratio first, and then determine the half-
single ionization of a neutral HD target by a fdstually 4 collision energya posteriorifrom the measured momentum
MeV) proton. The resulting vertical ionization, which is de- yector of the dissociating charged fragments for each colli-
scribed very well by the Franck-Condon approximation,sjon event. The experimental setup is shown in Fig. 3. Since
populates the vibrational continuum of the Hlso) state  the energy of the GSD fragments is almost always less than
1.0040%*=0.0008% of the time relative to the dominant 1 eV, cold target recoil ion momentum spectroscopy
nondissociative ~ single-ionization ~channe[23]. The (COLTRIMS) [25,26] methods are well suited for determi-
HD"(1so) state then dissociates into"HD(1s), which  nation of the fragment momentum. Our apparatus, which

can potentially undergo a charge-transfer reaction, as dgyas described briefly in previous publicatidi22—24, uses
scribed in the Introduction. The probability of a GSD event

occurring as a function of the kinetic energy released in the
dissociation,P(Ey), is a maximum atE=0, and falls off

approximately exponentially with a width of about 300 meV _Heat Shield (70K)
[23]. Many GSD events, therefore, result in collision ener- ¢oqgnead Effusive
gies that are much lower than can easily be achieved using . (~ 15K L _Cas Jet
merged-beams method, making the GSD process a valuabl

experimental tool for studies of very slow'H D(1s) colli- Pusher/Skimmer—| i
sions. While pure single ionization populates only the = Resistive Anode

, Y
HD*(1so) ground state, fast proton impact on neutral HD f—> % DUREYEN Dedm ebiFsh
z

can lead to ionization excitation and double ionization as —147mm__| —
well. These processes also producé End D" ions, but <

have kinetic-energy releases much larger than GSD, and are

thus experimentally distinguishable. For example, ionization FIG. 3. (Color online A conceptual drawing of the cylindrically

of one electron and excitation of the other to theo2state  symmetric apparatus. Note the lab-frame coordinate system, which
will result in a D"+ H(1s) half collision with a few eV, is used throughout this paper.

»
>
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120000 e T T T T T T than the flight times of the ions of interest, i.e., thé Hnd
] . D* fragments of HD, and HO™ which indicated the con-
100000 - 8 0 HD Data |1 tamination level of residual water vapor in the vacuum sys-
o Fit 1 tem.
80000 - 9 Ta=144K |4 From the measured position and time of flight of the frag-
Cold Gas T.=98K 1 ments, the full three-dimensional momentum vector, and
= 60000 therefore the dissociation energy, was reconstructed. The fi-
S nite size of the target was corrected by using a weak electro-
40000 |- static leng 23]. The focusing voltage was selected to obtain
the best three-dimensional focus. The time-of-flight resolu-
20000 |

tion was typically 1.6 ns, and was dominated by the 1 ns
channel width of the time-to-digital converter and the 1.2 ns
beam-bunch width. The resolution of the resistive anode po-
sition sensitive detector used was 0.18 mm. Fhand z
momentum componenigote the coordinate system in Fig.
3) were extracted from the position of the fragments on the

FIG. 4. The measured energy distribution of Hdns produced position Se.nSItlve detector. Thecompqnent Of the momen-
by 4 MeV proton impact. The temperature of this distribution is “%m was directed 6}'0”9 th? time-of-flight axis. The conver-
determined by fitting it with two Maxwell-Boltzmann distributions. SIon (0P, from the time of flight was accomplished by simu-
The warm gas and cold gas contributions are approximately equal@ting the effects of the extraction field in SIMIO28]. In

the simulation, the time of flight was evaluated for ions hav-

many COLTRIMS techniques. It differs, however, from aing a full range of possibleP, values(as expected from
traditional transverse extraction COLTRIMS apparatus intheory[17,22)). The simulated time-of-flight dependence on
two main respects. First, our neutral target does not originat€x was well described by a second-order polynomial, which
from a supersonic jet aligned perpendicular to both the exwas used to convert the measured time of flighPfo
traction field and the incident projectile. In our system, HD is  The validity of the simulation was verified by the nice
precooled to approximately 15 K in a gas cell, and thenagreement between the simulated and measured times of
effuses out of a thin tub€0.3 mm diameter 3.5 mm long flight of the different species in our target. In general, the
toward the position sensitive detector. This cold gas jet iglifference between the simulated and measured times of
intersected by a bunched 4 MeV proton beam at a 90° angldlight was better than 1-3 ns out of total flight times of at
The length to width ratio of the tube is sufficient to collimate least 1us, and often more than 10s (a relative error of
the effusive beam of the neutral target somewBa@} and the  0.1%9. While the differences between experimental and
flow is further restricted by a 0.5 mm hole in the pusterd  simulated time of flight are comparable to the error in the
skimmey plate of the spectrometer, as shown in Fig. 3. Thetime-of-flight measurement, it is the difference in the time of
distance from the exit of the gas cell to the interaction poinfflight from the peak centroidt(v,)—t(vx=0), that is
of the neutral and ion beams is approximately 7 mm, and the@eeded to evaluat®,. The error in this quantity is much
size of the target at the interaction region is about 1.5 mmsmaller as most sources of error affect both,) andt(v,
This geometry was selected as a compromise between the0) equally, and the errors cancel upon subtraction. At low
experimental need to have a cold localized gas target and thextraction fields, many GSD fragments had enough kinetic-
economic need to reduce the use of rather costly HD gasnergy release to strike the spectrometer pusher or skimmer
This geometry leads to the second difference between thiglate. As a result, only half of the momentum distribution
apparatus and a typical COLTRIMS apparatus. In our experi€GSD fragments with an initial velocity toward the position
ment, the ionized electron is not measured, since the effusiveensitive detectdrare used for the results shown in the fol-
jet assembly is located in the space that might be occupieldwing section. In addition, GSD fragments with positive
by an electron detector. The temperature of the effusive tainitial velocity were unaffected by small spectrometer field
get is determined by fitting a Maxwell-Boltzmann distribu- distortions near the 0.5 mm hole in the skimmer or pusher
tion to the measured HDenergy distribution as illustrated plate.
in Fig. 4. Our target temperature was determined to be Determination of the D yield and, hence, the charge-
~15 K using this method. transfer probability, is complicated by the presence efiH

The charged fragments produced in the collision are exthe target. We have developed and previously reported on
tracted by the electrostatic fields of our spectrometer andwo reliable methods for measuring the level of this d¢$n-
accelerated toward a two-dimensional position sensitive detlamination in the HD targef23]. Briefly, the H,* contami-
tector. The detector is used to record both the position andation level is determined by separating thg"Hnolecular
arrival times of the fragments event by event. The protorions from D" GSD fragments by differences in momentum,
beam is bunched to widths ranging from 0.8 to 1.2 ns, andr by careful analysis of the time-of-flight spectrum from a
the fragment time-of-flight is determined relative to a signalHD target and theoretical knowledge of the GSD fractions
synchronized to the buncher master clock. The beam-bundbased on Franck-Condon calculatidi8]. For the current
repetition rate was selected such that the time betweeexperiment, however, this is not enough, since the quantity
bunches, typically between 10.6 and 848, was longer of interest is the D yield as a function oE, . One approach

E, (meV)
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whk T tion. Some care must be taken to ensure the experimental
conditions are the same between the runs with the HD and
H, targets, since the measurement is sensitive to small
changes in the temperature of the target and the spectrometer
voltages. Once the H energy distribution is obtained, the
yield is normalized to the level of the A contamination in
the HD target using previous methdd@s] and the H* con-
tamination is subtracted from thB*(E,) measurement.
This brings the measured threshold significantly closer to the
expected threshold than in our previous publicafi®g]. As
we will discuss in the next section, however, some discrep-
ancy still exists.
L : ! Details on several other experimental considerations, in-
o - cluding detection efficiency, subtraction of contributions to
(') — 1'0 e 2'5 : 3'0 e them/q=1 and 2 channels from residual water vapor in the
target, and limiting chemical reactions of the dissociating
E, (meV) fragments with the residual gas, may be found in our earlier
publications[22-24].

300 |-

250 |-

200 |-

Yield

150 |-

50 |-

FIG. 5. The measured energy distributions foj’H HD™*, and
D," after single ionization by 4 MeV protons. The heavies D IIl. RESULTS AND DISCUSSION
ions have a narrower energy distribution, while the lightgt kbns ) )
have the widest distribution. The reason for the different width dis- Denoting the measured yields of the GSD events as

tributions remains undetermined. H*(E,) andD"(E,), the probability for charge transfer is
given by

to this problem was to use the abundant HBvents col-

lected in the experiment as a high precision simulation of the b (E D" (Ey) oy !

H,"(E,) population[22]. Since the H, HD, and O, mol- (Ex)= H (E)1D (B etor’ 1

ecules in the target all came from the effusive jet, and there-
fore the same heat reservoir, it seemed reasonable to expeghere o, and o, are the theoretically computed values for
that the energy distributions of the HDand H,* popula- H*(E,) and D*(E,) production, respectively23]. While
tions would be identical. As shown in Fig. 5, however, theP(Ey) is typically expressed in terms of tf&matrix ele-
various isotopes had a slightly different distribution at low ment, Eq.(1) has the advantage of allowing a direct com-
energies. While this made very little difference in the chargeParison between experiment and theory. Similarly, the prob-
transfer measurement above40 meV, near threshold it ability for elastic scattering is

proved problematic. The HDpopulation was too narrow to

correctly simulate the k¥ distribution, leading to a system- B H™(Ey) _ 0Oe
atic over subtraction from théd*(E,) population near Pe(Ew) = H*(E)+D*(E,) Oet ot
threshold.

The difference in energy distribution might be related toFinally, the ratio of the bound-free transitions to total single
the momentum transferred to the molecule in the ionizatiorionization, calculated from the Franck-Condon factors, can
process. If the momentum transfer is photoionization-like,Pe expressed as
(that is, equally balanced between the electron and recoil
ion) as has been observed for similar collisions in which the H"(E)+D*(Ey) HT(E)+D'(Ep
projectile has a lowz/v [25,31], the resulting recoil energy K= ot - HD*+H +D" )
distribution should be narrower for heavier targets. A simple
scaling based on this assumption, however, does not entirelyheres™ is the pure single-ionization cross sectjooniza-
account for the differences seen in Fig. 5. A second possibiltion to the HD' (1so) ground stattand HD' is the mea-
ity is that the flow from the effusive jet is somewhat masssured yield of HO' molecular ions.
dependent. This would most likely be the case if the pressure The factors contributing to the uncertainty in determining
in the cooling cell was high enough that molecular flowthe kinetic-energy releasg, can be grouped into two cat-
could not be assumed. Measurements of the inlet gas preegories. The first type includes factors that influence the
sure would seem to indicate that assuming molecular flow igenter-of-mass motion of the HDion. Thermal motion adds
valid, but a systematic study of the energy distribution as &an energy spread of 1.2 meV at the temperature (14.4
function of driving pressure has not been carried out to datex 2.1 K) of our precooled gas target. The recoil energy im-

Whatever the cause of the difference in the energy distriparted to the HD ion during the vertical ionization also
butions, we have adopted another approach to determine thglds to the center-of-mass motion of the HBn. We could
yield of H,” as a function of energy. Since the relative not find any experimental data for the recoil momentum dis-
amounts of H and HD can be well established by our pre- tribution in our collision system4 MeV H'+HD—H"
vious methodg$23], we simply conduct a separate measure-+HD"*+e7), but we can estimate the value from slightly
ment with a pure Kl target to determine the energy distribu- different collision systems. Extrapolating the results of Tobu-

2
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FIG. 6. Experimental results for the charge-transfey) (chan- FIG. 7. Experimental results for the elastic-scattering) (chan-

nel as a function ofE,. E, is measured relative to the DL nel as a function o€, . Theoretical result§22], and those results
threshold. Also plotted are the theoretical calculati¢®g]. The convoluted with the experimental resolution are shown in a manner
thick line shows the results of a simulation used to convolute thesimilar to Fig. 6.
theoretical results with the factors affecting the experimental reso-
lution. threshold behavior. The theoretical predictions are also con-
voluted with the experimental resolution using a simulation
ren and Wilsor{29] to lower collision energies gives a recoil (described beloyy but this does not account for the differ-
momentum distribution with a full width at half maximum ence between theory and experiment near threshold. This
(FWHM) of ~0.11 a.u. Using the very low-energy values of disagreement is most likely due to a systematic error in sub-
Tribedi et al.[30] and merging those results with the higher- tracting the H* contamination from the target at very low
energy measurements of Toburen and Wilson yields @nergies. As noted previously, and shown in Fig. 5, the iso-
FWHM of ~1 a.u. In addition, measurements of ionizationtgpijc difference in measured energy distributions leads to an
in the 4 MeV H' +He collision system reveal a momentum oyer subtraction of the J contamination near threshold.
distribution of ~0.5 a.u.[31], in between the previous two Thjs systematic error is caused by differences in the shape of
estimates. The second category of factors influencing the eqre 4ctual energy distribution of i with respect to the
ergy resolution are related to the measurement technique ifgsyintion we used to subtract background from the data.
self, including the position and timing resolution, discusseotl-he error is not due to any error in estimating the magnitude

in Sec. Il. I o g - of the H, contamination. This systematic error is large
Previously, we have reported measurementsPeEy)  onqugh to account for all of the-3 meV offset between

with Ey ranging from threshold to nearly 1 ej22]. This theory and experiment near threshold in Fig. 6. This problem
paper will focus on measurements near the threshold folr

. g s localized near threshold, and fag>10 meV, the energy
gh?-ﬁ;;;ar:jﬂéﬁg{ ggs&graerrgigﬁqwi‘%éstii%vgnl:and':éﬂénnd'stribution of H," is well determined, thus resulting in a
sc.:atteringpcalculations The scatterir?g calculatior?s based o |n|mal' effect. Coincident measurement of the momentum
the adiabatic potentialé calculated by Esry and Sé\deghpo the ionized ele_ctron or a _cargful_ stu_dy of any Mass-
S _p l(l.{ependent effects in the velocity distribution of the effusive

[13], were initially done for the full-collision problerfl7]. . : . .
The calculations were then modified to fit the current haIf-Jet might resolvg this systematic error. .

- e For the elastic channel, it is more convenient for us to
collision problem[22]. The modifications were needed to ompare
account for the Franck-Condon transition from the neutraf’®"'P
molecule as well as the target temperature. Projecting the
ground state of the neutral HD molecule onto the continuum H* (B
states of HD [23] links the results of the coupled-channels 0= Pe(Ex)P(E) = ———, (4)
scattering problem with the vertical ionization process. The o
target temperature of less than 20 K means our calculations
need only included=0, since it is essentially the only rota- to theory since Eq4) does not contain the problematic'D
tional state initially populated at that temperature. Much ofchannel. In contrast to the charge-transfer channel, which
the structure seen in the full-collision calculations is notshowed no resonance structure, our calculations for the elas-
present in the current calculations, since that structure arisé& channel show twd=0 Feshbach resonances located be-
from shape resonances fde=10 [17]. Our measurements low the threshold for charge transfi&2]. The experimental
show good agreement with the coupled-channel calculationesults for this elastic channel are shown in Fig. 7. Again, we
for the energy range measured, with the exception of théind theory and experiment to be in good agreement.
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Itis important to note that Figs. 6 and 7 represent a directhe subtraction of the § contamination. The simulation
comparison, described in Eqgl) and (4), between theory snows conclusively that most of tiig, broadening is due to
and experiment, without the need to scale by some arbitraryncertainties in the center-of-mass motion of the'HBrget.
factor. The half-collision calculations that complement this gy the present experimental setup, the factors affecting
experiment{22] are identical to the calculations done for a the center-of-mass motion of the HD target are fixed. A dif-
full-collision system[17] except for the need to incorporate ferent experimental design, allowing for additional geometric
the vertical transition from the neutral HD molecule, andcooling of the target and coincident detection of the ionized
therefore thesg experlmental results represent the first direglectron, could improve the energy resolution by reducing
test of theory in this very low-energy range. These result§hese sources of broadening. Rotating the jet so it is perpen-
demonstrate the feasibility of using the GSD process to studyicylar to both the time-of-flight and ion-beam axis would
this basic ion-atom collision at energies much lower, andyjiow for the location of an electron detector opposite to the
with better resolution, than presently possible using tradiyecoil ion detector. This standard COLTRIMS configuration
tional merged-beams techniques. The current experimends 26 would allow the recoil momentum distribution to be
lacks the resolution, however, to map the structure caused Qeasured, reducing the uncertainty in the center-of-mass mo-
the Feshbach resonances in the elastic channel. This is Ufign of the HD target. In addition, the temperature of the HD
fortunate, since a measurement of the resonance Iocati0@§rget could be further reduced using a precooled supersonic
wo_uld be a very usefu! test of theory, as t_his method is MOrgyas jet with multiple(usually two molecular beam skim-
stringent than comparing total cross sectiphg]. mers. Such a configuration has yielded target temperatures of
77 mK[26]. Furthermore, the presence of two or more skim-
mers reduces the “hot gas” contamination in the target to
negligible levels. The simulated results for under these

Is it possible to improve the experimental resolutionexperimental conditions are shown in Fig. 8. The dip in the
enough to map the resonance structure in the elastic channeaifoss section associated with the first Feshbach resonance is
To investigate this question, we have constructed a simuleclearly visible.
tion to investigate how the various factors leading to uncer- The price for such an improvement is the conversion from
tainty in the measured KER propagate in the measuremermn economical effusive jet that was located within 1 cm of
and affect the ultimate resolution of the experiment. Thethe interaction region to a more expensive multiple stage
simulation convolutes the theoretically predicted chargesupersonic jet. Deuterium hydride gas is costly, with a super-
transfer and elastic-scattering probabilities with the detectiosonic jet of the type described above estimated to use more
(position and TOF resolution of the GSD fragments, the than $10k/day. A more economical alternative might be re-
center-of-mass thermal motion of the HD target, the centerducing the number of skimmers and, thereby, reducing the
of-mass recoil during the ionization process, and the possigas consumption. To estimate the resolution that could be
bility of a systematic shift in the centroid of the'DTOF  obtained with such a configuration, we note that Afial.
peak. Besides the theoretical charge-transfer and elasti€32] introduced a single skimmer to improve their transverse
scattering probabilities, the inputs to the program include thenomentum resolution by~6X over the experiments of
TOF centroids for the H and D" peaks, the spectrometer Frohneet al. [33] and Ali et al. [34], who used effusive jet
geometry, and the two coefficients of the second-order polysources similar to the current apparatus. Using this enhance-
nomial used in the conversion of fragment time of flight to ment in resolution to estimate the expected improvement in
P, . For each simulate#, value, a molecular orientation is our current source yields a target temperature of 5 K. In
chosen using a Monte Carlo approach. Isotropic angular disaddition, a single skimmer does not reduce the hot gas con-
tribution is assumed for the GSD process. The simulatedamination as effectively. Based on the experience of
TOF and position of impact on the detector are calculated.anders[31] with a single-skimmer jet, we estimate that
based on the spectrometer geometry. The different sources about 30% of the target will be hot gas. When using these
E\ broadening are then added to these values, and the resuéistimates as inputs for the simulation, the simulaigde-
ing E, is binned into an equally spaced energy spectrum, jussults are able to marginally resolve the Feshbach resonance
as in the actual measurement. location, as shown in Fig. 8. The improvements discussed

If only the energy broadening due to detection resolutionabove will also improve our ability to probe the threshold
is included in the simulation, the structure associated withtbehavior of the charge-transfer channel, as shown in Fig. 9.
the two Feshbach resonances in the elastic channel is stillhe simulated results shown in Fig. 9 assume that the sys-
quite noticeable. When the center-of-mass broadening itematic error in the subtraction of the, Hontamination is
added into the simulation, the resonance structure disappearms/ercome. Currently, however, the ontamination remains
Our experimental results for the elastic channel are in goothe largest obstacle to probing the threshold region in this
agreement with the simulation, especially if the recoil mo-channel.
mentum distribution is assumed to have a FWHM near 1 Beyond this measurement, the GSD process can be used
a.u., which is on the larger side of the estimates discusse@ls a sensitive probe in other ion-molecule collisions. Mea-
above. In the charge-transfer channel, the experimental resuring the momentum vector of the dissociating fragments
sults have the shape predicted by the simulation, but appeailowsa posterioridetermination of the molecular alignment
to be shifted by 2 to 3 meV from the expected value. Thisat the time of the collision. Anisotropies of angular distribu-
shift is most likely related to a remaining systematic error intions of H, dissociation products have been studied for

IV. FUTURE DEVELOPMENTS
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FIG. 8. Theoretical predictions for, [22] and the expected FIG. 9. Similar to Fig. 8 except for the charge-transfer channel.

experimental results with an improved apparatus. Expected results ) ] ) -
from a state-of-the-art two-stage supersonic jet and COLTRIMI1€ed to integrate over the molecular orientation. In addition,

apparatus are shown if®), while a jet configuration with more the GSD process is clearly associated with single ionization
economic HD consumption are shown (in). The target tempera- to a well-defined final state, further simplifying the problem.
ture in (a) is 77 mK, while in(b) it is 5 K. Warm gas(100 K), As a practical matter, the collection of 50—100 eV electrons
accounts for 5% of the target i@ and 30% in(b). Mapping the  (which have a de Broglie wavelength similar to the internu-
resonance locations seems possible usimgwhile (b) seems mar-  clear distance of k) in coincidence with GSD fragments
ginal. Both(a) and(b) assume the detection of the ionized electronbelow 1 eV is nontrivial, but could conceivably be accom-
to measure the recoil momentum imparted to the HRolecular plished by a COLTRIMS apparatus with a pulsed extraction
ion during the collision. field or a spectrometer with multiple extraction and accelera-
tion regions.
nearly seven decad¢85]. Dunn described general rules for  In slow ion-molecule collisions, the GSD process has
transition probabilities between pairs of electronic states foproved useful in separating the momentum transferred to the
H, collisions with electron$36,37]. Dissociative ionization, center-of-mass motion of the molecular target from the mo-
however, predominantly occurs from excited electronicmentum imparted to internal motion of the nuclei. Since the
states, complicating the analysis. Focusing on the GSD chaiGSD fragments are very slow, they are sensitive probes of
nel allows measurements of the angular distribution of thehe momentum transfer. This technique, when applied to
pure single-ionization channel alone, a significant experislow (v=<0.5 a.u.) Hé + H, collisions, has shown that ion-
mental improvement. Analysis of the present data as a fundzation transfers some momentum to the internal motion of
tion of molecular alignment shows little anisotropy. The the nuclei, while the electron capture process doeq 3@t
present measurement, however, is compromised by the rather
large amount of hot gas in our target. Improving the appara-
tus to reduce the hot gas, as discussed earlier in this paper,
would improve this measurement considerably. We have developed a method for studying very slow col-
Recent measurements of electrons ionized in 60 MeV/iisions between a proton and a deuterium atom. This method
Kr3** + H, collisions reveal oscillations in the electron emis- utilizes the ground-state dissociation of H{1sa) to pro-
sion cross section resulting from interference effects analoduce very slow H+ D(1s) half collisions. Momentum im-
gous to Young'’s double slit experimel@8]. These measure- aging of the dissociating charged GSD fragments is used to
ments are integrated over the molecular orientation, andetermine the collision energy. We have extended the energy
considerable analysis was required to uncover the oscillaange down by more than one order of magnitude and obtain
tions in the cross section. Measurements of the GSD fragmuch better energy resolution than is presently possible in
ments in coincidence with the electrons would eliminate themerged-beams experiments. These experimental re-

V. SUMMARY
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sults provide a direct test of half-collision scattering calcula-scribe several measurements that further utilize the GSD
tions. Since our half-collision calculations were done usingprocess.

the same techniques as for the full-collision problghd],
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