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Asymmetric branching ratio for the dissociation of HD*(1s0)
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Single ionization of the HD molecule by fast ion impact is used to populate the vibrational continuum of the
HD™ electronic ground state 6&r). The resulting dissociation leads to two final states, the lowger state or
the first excited Po state, which is 3.7 meV higher at the separated atom limit due to the finite nuclear mass
correction to the Born-Oppenheimer approximation. We find dissociation to the lolv¢iCHI1s) state to be
about 7% more likely than to the upper H)H D" final state. The major experimental difficulty in this
measurement is the determination of thg déntamination in the HD target. Two different methods of deter-
mining this contamination are presented, and the details of the measurement of the relative yields of the final
two ground-state dissociation channels are discussed. The experimental results are compared to our coupled
channels calculation and to a model based on Meyerhof’s approximate formulation.

PACS numbd(s): 34.50-s, 34.50.Gb

[. INTRODUCTION The GSD process is shown schematically in Fig. 1. We ini-
tiate GSD using the sudden single ionization of a hydrogen
The HD" molecular ion is a benchmark system for theo-molecule by a fast ion, which preferentially leads to the elec-
rists making structure calculations beyond the Born-Oppentronic ground state of the molecular ion. The vast majority of
heimer approximation1—3] since the difference in nuclear these single ionization events are in vibrationally bound
mass eliminates the symmetry under the exchange of nuclei
found in a homonuclear molecule. The effect of this isotopic 02
difference is that the D(§) threshold is 3.7 meV lower than
the H(1s) threshold at the separated atom limit, producing
an avoided crossing of the moleculasd.and 2o states, as
shown in Fig. 1. The breakdown of the Born-Oppenheimer
approximation in HO has been studied, for example, by
Carrington and co-workers using microwave spectroscopy to
measure the vibrational-rotational transitions of HDear
the dissociation limit{4—10]. Their measurements are in
agreement withab initio structure calculations only if the
calculations include corrections to the Born-Oppenheimer =
approximation. In addition, by measuring the hyperfine mul-
tiplet splitting, Carringtoret al. [10] showed that the elec- .
tron is more likely to be located near the deuteron as the L HD
vibrational states approach the dissociation limit. Explicitly,
they find a large asymmetry in the electron distribution for 0.6 |- N
thev =21 level[10], 1.26 meV[11] below the dissociation
threshold, but an essentially symmetric distribution for the 1.0
v =18 level, which has a dissociation energy of 74.156 meV I :
[11]. oy s+
We have recently reported on a similar behavior above g
the dissociation limit, measuring an asymmetry between the [—A\A——
two possible dissociation channels of the “ground-state dis- 2,y e 5 10 12
sociation” (GSD) of HD*(1so) [12]. GSD is the dissocia-
tion of the HD" molecular ion from the vibrational con- R (a.u.)
tinuum of the electronic ground stateqd). Specifically, we
reported that dissociation from Hj1so) to H" +D(1s) is
about 7% more likely than dissociation into H)H#D™.
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FIG. 1. A schematic view of the GSD process. Sudden ioniza-
tion of the HD molecule results in vertical transitions to the HD
electronic ground state. If the populatedolvibrational state is in
the continuum, a dissociation follows. Charge transfer can then oc-
cur nearR=12 a.u.(shown in the insgtduring the dissociation.
*Present address: Department of Physics, University of VirginiaThe potential energy curves are taken from R2g] for HD and

Charlottesville, VA 22904. from Ref.[1] for HD*. The inset shows the shift in thes& and
TAuthor to whom correspondence should be addressed. Electron2po curves from those calculated using the Born-Oppenheimer ap-
address: ibi@phys.ksu.edu proximation[25].

1050-2947/2000/68)/06270714)/$15.00 62 062707-1 ©2000 The American Physical Society



E. WELLS, B. D. ESRY, K. D. CARNES, AND I. BEN-ITZHAK PHYSICAL REVIEW A62 062707

states, but about 1% end up in the vibrational continuum andimilar isotopic preference using a semiclassical theory de-
dissociate with a very low kinetic energy, typically less thanrived by Rapp[20], which depends strongly on the vibra-
1 eV. The population of bound vibrational states and thetional excitation. In addition to the preference of ver
probability of dissociation as a function of kinetic energy H* in CID, asymmetries between forward and backward
release can be calculated from the Franck-Condon factorscattering along the beam direction have been reported by
that link the neutral and ionic stat¢43]. Two additional Dong and Durup[17]. The isotopic preference in CID is
points about the GSD process should be noted. First, sina@uch larger and in the opposite direction than the one asso-
the collision time (-10 17s) is much shorter than the dis- ciated with the GSD process reported here. The difference in
sociation time (10 13 s), a two-step picture of the process isotopic effects is not surprising considering the difference in
is valid, i.e., first pumping the HD to the vibrational con- the excitation mechanisms. In CID, direct vibrational excita-
tinuum of HD"(1sco), and then a slower dissociation. Sec- tion due to energy transfer to the nuclei causes the dissocia-
ond, by discriminating against the more energetic fragmenttion of the molecular ion. In contrast, in the GSD process the
that result from ionization-excitation and double ionizationexcitation during the collision is electronic, and the isotopic
of the target HD moleculésee Sec. I, we have isolated the effect is a result of the mixing between the two lowest
events associated with the dissociation of Hso). coupled molecular states of HDduring its very slow disso-

As the GSD process occurs, there is the possibility of aiation.
transition from the initial o state to the slightly higher Experimentally, measuring the asymmetry between the
2po state around the avoided crossing. For a kinetic energ{so and 2o final states requires a precise determination of
release of less than 3.7 meV, this transition to tiperState  the relative yields of the H+D(1s) and H(1s)+D* chan-
is energetically forbidden. Above that limit, the two statesnels. Since the H and D" molecular fragments have differ-
begin to mix, and approach equal probabilities as the kinetient masses, they can be separated by their time of flight
energy release increases. This behavior can be described iruging an electrostatic extraction field. The measurement of
scattering picture as a vertical ionization to the vibrationalthe H(1s)+D* channel is complicated, however, by the
continuum of the %o state followed by a possible transition presence of limolecules in the HD target. Single ionization
to the first excited Po state during the dissociation. This of H, by fast ions produces H molecular ions, which are

process can be expressed as, difficult to separate from D fragments, since they have the
same mass to chargen(q) ratio.
p+ HD — HD *(1s0) In this paper we describe the experimental and theoretical
— techniques that we have used to examine the asymmetry in
H* + D(1s) (elastic scattering) the dissoc_iation of the e_Iectronic gro_und state of the_+HD
molecular ion. The experimental details are discussed in Sec.
L— H(1s) + D" (charge transfer), 11, including two different methods for determining the, H

1) contamination. The first involves theoretical_knowledge of
the ratio of bound-free to bound-bound vertical transitions
where the lower Fi+ D(1s) final channel is referred to as an from HD to HD', but allows determination of the fon-
“elastic scattering” process and the upper B{3 D" final  tamination from the time-of-flight measurement alone. This
channel is referred to as a “charge transfer” process. Withirmethod is described in Sec. Il A. The second method, de-
this picture, we have performed coupled channel calculationscribed in Sec. Il B, uses two-dimensional momentum im-
(described in Sec. Jland compared them to our measure-aging to separate the,H molecular ions from the D frag-
ment. This scattering process is different from a typical ion-ments, and thus, allows the direct determination of the H
atom collision in one respect: the range of internuclear diseontamination without utilizing theoretical results. The rela-
tances traversed. In a typical “full” collision, the tive merits of each measurement technique are discussed in
internuclear distance starts and endRat=, while in GSD,  Sec. IV. Using either method, we are able to empirically
the dissociation starts at some finite internuclear distance argemonstrate an asymmetry in the dissociation of the elec-
increases tdR=c. In this sense, the GSD process can betronic ground state of HD. In Sec. II, we briefly present the
thought of as “half” a collision. In addition to the coupled theoretical methods used: Franck-Condon factors, the
channel calculations, we have applied a simple model, decoupled channels calculation, and Meyerhof's formula. In
rived by Meyerhof[14] from the Demkov formulatioi15], Sec. IV we compare the transition probability as a function
to the GSD process. Our adaptation of Meyerhof's model isf collision energy calculated using the approximate analytic
discussed in Sec. Il formula[14] to our coupled channel calculations. Compari-
There are other processes involving HIn addition to  son of the two theoretical results provides a better under-
GSD that exhibit isotopic effects, but they are somewhastanding of when the simple model may be applied, and un-
different in nature. Large isotopic differences have been reder what circumstances the more complete calculations must
ported for the collision induced dissociati¢@1D) of HD* be used to obtain a satisfactory agreement with experiment.
molecular ions impinging on atomic and molecular targets afhree points are emphasized in this paper. First, we are able
a few keV (see, for example, Ref$16—-19). It has been to measure the relative yields of the slow lnd D" frag-
shown by Lehmaret al. [16], that the D fragments are ments precisely enough to demonstrate the symmetry break-
more likely than H fragments by about a factor of 5 fol- down in GSD, in spite of the difficulties associated with the
lowing CID of HD* at a few keV. They also calculated a presence of the Hin the target. Second, our experimental
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TABLE I. The GSD fractions for three isotopes of the hydrogen L L L A  E B
015 NR .
molecule. i §§ Bound-Bound |-
i S NNR b
Isotope GSD fractiof (%) GSD fractior? (%) [ § § § § ]
010 NNNNR =
H, 1.4474+0.0082 1.468% 0.0082 . § § § § § 1
HD 0.9947+0.0008 1.004@ 0.0008 R S NNNNNR
D, 0.5206+0.036 0.5233-0.036 0.05 FNNN § § N\ § § .
[LNNNNNNNNR
@The GSD fraction relative to total single ionization. X § § § § § § § § § N §
bThe GSD fraction relative to bound-bound transitions. 000 CANNNNBNNNNNNS o .,
0 5 10 15 20
results are described well by our calculations. Finally, the 14
simple Meyerhof model agrees surprisingly well with the : : :
more complete coupled channels calculation over most of the
kinetic energy release range. 0.6 Bound-Free | 4

Il. THEORY _~ 0.4

The Franck-Condon approximatid@l] may be used to &=,
link the initial and final vibrational states of a molecular B ,,
transition when the velocity of the projectile used to ionize
the molecule is largésuch as 4 MeV protonscompared to

the vibrational time scale of the molecule. Since the elec- 0.0 X .
tronic transition rate depends only very weakly on the inter- 0.0 0.5 10 15 20
nuclear distance, the Franck-Condon approximation is satis: E (eV)

fied, and the transition rate is proportional to the square of

the overlap integral between the initial and final vibrational ~FIG. 2. The transition probability from the HD vibrational
states. The adiabatic potential energy curves used in our caground state to bound vibrational statésp) and the vibrational
culation are those of Esry and Sadeghpour for the"H@n continuum (bottom calculated from the Franck-Condon factors.
[1] and Kotoset al. for the neutral molecul§22]. The cal- Note that the width of the energy distribution of the bound-free
culations of the Franck-Condon overlap integrals, describedfansitions is about 300 meV.

in Refs.[13,23 are essentially identical to the earlier calcu-

lation of Tadjeddine and Parlafi24], although our more transitions in the Bisotope were found to be in good agree-
recent calculations contain one additional bound vibrationament with experimen{13]. Furthermore, the fraction of
state. The results of our calculations of the GSD fractions arbound-free out of total single ionization evef@bout 1% for
given in Table I. The value for the GSD fraction of HD given HD), is sufficiently large to be useful as a production mecha-
in Table I is slightly different than the ones given in Refs. nism for studies of very slow H+D(1s) half collisions.
[13,23 since we have used improved potential energy curve®ur calculated Franck-Condon factors are shown in Fig. 2
for HD* [1]. This changed the GSD fraction by 0.01% from for both bound-bound and bound-free single ionization tran-
our previous calculation§l3,23. In addition, the Franck- sitions. Note that the kinetic energy release of the dissociat-
Condon factors for the HD isotope were calculated using twang molecular ion provides half collision energies ranging
channels for the HD bound states and then compared to thefrom 0<E,<1.5 eV.

results obtained using a single channel. Including the second We have completed calculations of elastic scattering and
channel had no significant impact on the total GSD fractioncharge transfer cross sections in these half collisions by solv-
While the difference between the one and two channel caling the two-state coupled channels problem. Using the 1
culations of the Franck-Condon factors to specific bound viand 2o adiabatic potentialgl], the coupled channels prob-
brational states is negligible for low lying vibrational states,lem is solved using amR-matrix formulation (see, for ex-
the difference is more significant near threshold. The calcuample, Ref.[26]). A stationary state constructed using the
lated Franck-Condon values are approximately 18% differenénergy-normalized physical incoming wave state has outgo-
for the v =22 state, but only 3% different fos=21 and ing waves asymptotically only in a single chanfi26]. The
0.01% different for they = 19 state. For the calculation of the Franck-Condon transition from the neutral molecule is taken
GSD fractions for H and D,, we have taken potential energy into account by projecting the incoming states onto the
curves of the molecular ions from Rd25]. Note that the ground state of the neutral HD molecule. The coupled chan-
GSD fractions in Table | are given two ways: as the ratio ofnels part of this problem was solved in essentially the same
bound-free to bound-bound transitions and as the ratio ofnanner used by Esrgt al. [27] to solve the similar “full”
bound-free to total single ionization. The former definition is collision problem, and the details of the coupled channels
sometimes more easily compared to other calculations, whilealculation may be found there. Our target is cooled to ap-
the latter is more useful for the purposes of our experimentproximately 20 K(see Sec. I, so onlyJ=0 is included in
The theoretical predictions for the amount of bound-freethe coupled channels calculation since it is the only state
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with any significant population at that temperature. whereE, is in atomic units. It is important to note that there

In addition to the coupled channels calculations, we havés an ambiguity about calculating the relative velocity
adopted a model to make quick estimates of the charge transf the two nuclei(or E,) because of the energy difference
fer probability. The transfer of an electron between tlsee1  between the two dissociation limitsee detailed discussion
and 2o states of HD during its dissociation is similar to in Sec. IV).
the “K-shell vacancy sharing” process in fast heavy ion-
atom collisions. Creation of -shell vacancy during a close
encounter between a fast heavy ion and an atom followed by
the possible transfer of the vacancy to the other collision To initiate the GSD process, the target HD molecule is
partner'sK shell [14,28-3Q is an analogous half collision jonized by a fast proton beam which is bunched and accel-
process. The typical energy gap betwéeshells of heavy erated tolusually 4 MeV by the J.R. Macdonald Laboratory
ions is a few keV, about six orders of magnitude larger tharEN Tandem Van de Graaff accelerator, collimated, and di-
the energy gap in HD, which is 3.7 meV. The MeV colli-  rected into the target region. The velocity of the proton beam
sion energies in thK-shell vacancy sharing experimeritsr s high enough that the collision time is much faster than the
example, Ref[31]) are also about a million times larger than vibrational time of the HD molecule, and as a result the
the typical kinetic energy release in the GSD process. Hencgranck-Condon approximation is expected to be valid. There
scaling the relevant energies in the vacancy sharing processe several processes which can createdfl D" recoil ions
by about a million results in a process similar to GSD.during these collisions. Electron capture by the projectile is
K-shell vacancy sharing in fast heavy ion-atom collisionsunlikely at these collision velocities, so dissociative capture
were successfully described within the molecular orbitalprocesses are not a concern. Since all the vertically excited
framework. In particular, Meyerhdfl4] derived an analytic electronic states of the hydrogen molecule are dissociative,
expression for the vacancy sharing probability in such colli-ionization of one electron and excitation of the other yields
sions. Explicitly, he simplified the more elaborate two-stateH* + D(nl) or H(nl)+D™". Double ionization of HD results
calculations within the Demkov theoretical treatmgtf]. It in a H"+D* ion-pair event. Finally, there is the GSD pro-
has been shown by Taulbjeeg al. [30] that the formula  cess that is of interest in this study. The proton beam is
derived by Meyerhof is a good approximation to thels  chosen because it produces less ionization excitation and
initio coupled channels calculations Kfshell vacancy shar-  double ionization of the hydrogen molecule than a more
ing in fast heavy ion-atom collisions. highly charged ion at the same collision velodi82].

Since a basic assumption of the Meyerhof model is a Once the collision takes place, a small percentage of the
straightline trajectory R=vpt) [14], deviations from the time (about 1%, a GSD process occurs. The goal of the
predicted transition probability are expected at low veloci-experiment is to measure the relative yield of the two pos-
ties. We expect, however, that the Meyerhof model mightsible dissociation limit, H +D(1s) and H(1s)+D™". These
still be applicable in this half collision system even at low reaction channels are experimentally distinguished from all
collision velocities for two reasons. First, since our target isother channels producingHor D' by taking advantage of
cool (T=20 K), we do not need to be concerned with stateshe different kinetic energy of these fragments. The kinetic
havingJ>0. Second, a population of onl=0 implies that  energy released upon dissociation in GSD is less than about
the dissociation of the HD is colinear, and therefore Mey- 1.5 eV (see Fig. 2 while the ionization-excitation channels
erhof's assumption of a straightline trajectory is essentiallyrelease at least 5 eV and typically much mfi8,33. Using
correct. a weak extraction field to discriminate against high-energy

The probability for electron transfer between therland  fragments it is possible to separate the GSD channel from the
2po states, derived by Meyerhof as a vacancy sharing probether channels since most of the higher-energy fragments
ability [14], is given by miss the detector entirely, and those that do not are separated

by their longer or shorter times-of-fligt.3]. By excluding

IIl. EXPERIMENTAL METHOD

W(E) = @) the recoil ions that are the result of the ionization-excitation
1+exp|2x])’ and double ionization processes, we are assured that the mea-
sured fragments originate from a vertical ionization to a well
where defined initial state, specifically the H1sco). The disso-
ciation of this vibrational continuum state can then be
(1150 2ps) thought of as a half collision of H+D(1s) at very low
X= W velocities. The two final channels can be separated since the

measured H and D" fragments have different masses. As

and| 1, andl ,,, are the ionization potentials of the respec- Previously mentioned, the measurement is complicated by
tive states whild is an average value, ang, is the disso- the presence of Hin the target, resulting n $ molecular
ciation speed. Substituting the values for the B)(land  1ONS which must be subtracted from the" xhannel. We

D(1s) dissociation limits yields for HD(1so) dissociation ~Nave developed two experimental meth¢84] to determine
the yield of the low energy fragments which differ mainly in

1 the way the H contamination is evaluated. The first method
w(Ey) = , (3)  uses a time-of-flight technique. The second method utilizes
1+exp(0.010574/Ey) the momentum imaging of cold target recoil ion momentum
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spectroscopyCOLTRIMS) to measure the yield of the frag- 1000 — —— —— T

ments. Both methods share many common features whicl - HD' ] . .
are described below, while details specific to each technique 800 |- (b) 9 . -
are described later in Secs. Ill A and Il B. i otk

The detection efficiency for all recoil ions must be equal 600 | . L
for an accurate measurement of thé -HD(1s) to H(1s) | D+ . |
+D" branching ratio. To ensure this was the case in our | H, | Away SRR
experiment, we accelerated the recoil ions to an energy Toward || From -
above 3 keV just before hitting the front plate of the highly OWAE | Detector

o . o 200 |- Detector -

amplifying Z-stack microchannel plate recoil ion detector, /
and set the lower level discriminatidghLD ) sufficiently low ~ L ]
to accept all recoil ion signals. In addition, we checked that.© 0 pov’ e L e
the ratio of H&*/He* for 4 MeV proton impact did not > 1400 | ' ' o i
depend on the discrimination level and agreed with the mea: | —— HD HD 1
surement of Knudseet al. [35]. To ensure there were no 1200 [|— BG go | ]
discrimination effects due to recoil ion velocity, we mea- 1000 | D' 2 _
sured the ratio of FI/H,0" as a function of the LLD setting L @ . 1
and the detector voltage, and conducted the measuremen 800 i H, 7
well into the region where this ratio was constant. 600 | ..+ 4

The recoil ions are identified by their mass to charge ratio L H )
using a time-of-flight technique (TOR/m/q). A typical 400 I- OH ]
time of flight spectrum measured with a weak extraction field 200 | 4
is shown in Fig. 3. Under weak extraction field conditions, ol . ]
most of the higher-energy fragments miss the detector, while 1200 1600 2000 2400 4500

all of the molecular ions, which typically have thermal ener-

gies, are collected. In order for a higher-energy fragment to Time-of-Flight (ns)

reach the detector, the molecule must be oriented at the time o . . .

of the collision in such a way that the resulting fragment has F!G. 3. A typical time-of-flight spectrum of single recoil ions
an initial velocity toward(or away from the recoil detector. Produced by 4 MeV proton impact and measured with a weak
These “fast” fragments will either have a shori@r longe) V/_cm) _extractlon fleld._The time-of-flight spectrometer used to op-
time-of-flight than the low-energy molecular ions or GSD tain this spectruni23] is somewhat shorter than the one shown in

fragments. The fast fragments appear in the spectrum Fs'g' 4. The shoulders on the'Hand D" peaks are produced by

. . her- f f ionization-excitati ion-
shoulders around then/q=1 and m/g=2 time-of-flight Igher-energy fragments from ionization-excitation and double ion

. . . ization events with an initial velocity towardsr away fron) the
peaks. The low energy fragments of interest in this study arg, y d y from

: ; ; ecoil ion detector(a) HD target and backgrountb) HD after
in the narrow center peak of the time-of-flight spectr(see background subtraction. The inset showsntig=2 peak after the

Fig. 3. The extraction field strength was chosen so that all of;seline and background subtractions. Note thé Bhannel stil
the molecular ions and fragments from GSD are collected@\,e”aps with the D channel.

but most of the higher energy events from competing pro-
cesses miss the detector or are separated in time from the loventribution is subtracted after proper normalization of the
energy ions. area of the HO™ peaks in both spectra. Since the two mea-
All measurements are carried out under single collisionrsurements are made under identical conditions, all contribu-
conditions as determined by a standard pressure dependertaas from the residual water are removed from tingqg
measurement. When a low extraction field is used, additiona=1 andm/q=2 peaks, where the Hand H,* fragments
care must be taken to keep the target pressure very low, toom water overlap the Hand D" fragments from HD. The
ensure that no chemical reactions formingDH or HD,* H* fragments of water are the major source of uncertainty in
occur before the recoil fragments exit the target cell. If suchthe evaluation of then/q=1 peak, while the K" fragments
a reaction were to occur, the,B™ recoil ions would be of water are only a minor source of error in timéq= 2 peak
indistinguishable from the P recoils ions in our time-of- (especially relative to the J contamination in the HD
flight spectrum. We verify that no reactions of this type oc-bottle). The resulting spectrum, after the subtraction of the
cur by the absence of thm/q=5 peak associated with water background, is shown in Fig(3.
HD,* formation in the time-of-flight spectrum. Finally, the major experimental challenge in this study is
In addition to the H, D*, and HD" recoil ions of inter- to determine the amount of ;Hcontamination in the HD
est in our studies, one can see in Fig. 3 contributions frontarget gas, since the,H fragments that result from single
water molecules and Hand D, contaminants from the HD ionization of the H impurity contaminate the D fragmen-
bottle. The residual water vapor in the vacuum system contation channel. It is difficult to obtain a pure bottle of HD
tributes H" and H* fragments to the H and D' peaks of because over time the HD gas recombines via-+HD
interest, respectively, and thus it needs to be subtracted. Te-H,+ D, until the three isotopes have equal abundances. It
subtract this contribution, two measurements, with and withcould be assumed from detailed balance that the amount of
out the HD target, are conducted, and then the background, and D, contamination would be the same, but this is only
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true if the initial contaminations of jtand D, are the same at —H*] and[D,"(1s0)—D"] represent H and D' frag-

the time the bottle is sealed. The problem of ¢bntamina- ments from GSD of H" and D,* contaminants, respec-
tion is not unique to our worksee, for example, Ref36]) tively, while the [H,"] is the direct ionization of the }
and must often be overcome when using a HD target. Theontaminant. It is clear that if a pure HD target could be used
following two subsections describe two different approacheshen the two dissociation channels of interest, namely,

to measuring the fHcontamination. HD"(1so0)—H"+D(1s) and HD'(1sc)—H(1s)+D™,
would be determined from the respective measurement of
A. Time-of-flight technique A(1) andA(2). Unfortunately such a pure HD target is not

available and one has to determine the contributions from the
q_|2 and D, contaminants.

The ground-state dissociation fractions for the hydrogen
isotopes of interest are known theoretically from the calcu-

Many details of this technique, especially those related t
the determination of the Hcontamination level in the HD
target, are discussed in R¢R3] and will only be briefly
presented here. Recoil ions are produced by collisions in the +i1 of the Eranck-Condon factof3,23 given in Table I.
target cell between the incident proton beam and the thin H or these values we use the notation
gas target. These recoil ions are extracted and accelerated by

the uniform electric fields of a two-stage Wiley-McLaren [H," (180)—H"]

[37] time-of-flight spectrometer toward a recoil ion detector FCESB(H, )= n ,

(a microchannel plate detector with a metal anodehe [H2"]

flight times of the recoil ions produced are measured from

start signals generated by the recoil ion detector to stop sig- [HD*(1s0)—H"]+[HD"(1s0)—D"]

nals synchronized with the beam bunch. The pressure in theF ©>(HD™)=

n
target cell was kept around 0.1 mTorr to ensure no secondary [HD"] ©6)
collisions of the recoil ions on their way toward the detector.

The timing resolution for the data taken using this method [D,"(1s0)—D"]

ranges between 1 and 1.5 ns, mainly limited by the width of FeSO(D,")= 2 )

the proton bunch rather than by signal processing. More de- [D,"]

tails of our apparatus may be found in R€f53,32,38,3%

A typical time-of-flight spectrum of single recoil ions pro- ~ These fractions can be given as the ratio of bound-free to
duced by 4 MeV proton impact, after subtraction of the wateiound-bound transitions from the ground state of the neutral
vapor background, is shown in Fig(t8. The shoulders on parent molecule as defined above, or as the ratio of bound-
them/q=1 andm/q=2 peaks caused by the higher-energyfree to the total transition to the electronic ground state of the
fragments were subtracted by using a second order polyndnolecular ion(i.e., the sum of bound-free and bound-bound
mial to fit the baseling23]. This baseline has only a small For convenience both these values are given in Table I.
contribution near the peak center since fast fragments thathus, we just need to know the relative fraction of &hd
are not shifted in time from the peak center must have &, in the mostly HD target to evaluate the quantities of
relatively large velocity component parallel to the detectorinterest.
and, for the weak extraction field used, miss the detector The D,” to HD™ ratio is easily evaluated as follows:
altogether. After subtraction of the water background and the
baseline of fast fragments, the remaining contributions in the [D;"]  A(4) 7
spectrum are either molecular iofwith thermal energigsor [HD'] A3)" ™
low energy fragments resulting from GSD of HHD, or D..

The low-energy center portions of the peaks are numericallyote that to evaluate the ratio of neutraj B> HD a small

integrated to determine the yield, since the peaks do not havgrection is needed since the amounts of GSD froyraid

a simple shape and curve fitting introduces a systematic efgp isotopes are differerftL3,23, as shown in Table I.

ror. The area of then/q=3 andm/q=4 peaks, denoted  |n contrast, evaluating the /i to HD" ratio is not an

A(iz) andA(4), aredirectly related to the yield of HDand  gasy task. One way to approach this problem is to take ad-

D," molecular ions, respectively, as these are the uniqu@antage of the theoretical prediction for the GSD of HD

contributions with that mass to charge ratio. In contrast, therExplicitly, we use the fact that the supD* (1s0)—H"]

are a few sources of ions witin/q=1 andm/q=2, which 4 Hp*(1s0)—D"] is known even though the branching

contribute toA(1) andA(2), aslisted below ratio between the two dissociation channels is not. To evalu-

-~ + + + + ate the contaminant H, we therefore impose a constraint

A1) =[HD"(1so)—~H"]+[H,"(1so)—~H"]  (4) on the sum of the H and D" GSD fragment$23]. Adding

Egs.(4) and(5) and dividing byA(3) yields

and
A(2)=[HD*(1s0)—~D*1+[D," (1s0)—D*]+[H,"], AD+AR) _ + + A4
(o 2 g 2 (5) A(3) FGSD(HD )+FGSD(D2 )A(3)
where [HD" (1s0)—H"] and [HD*(1s0)—D"] denote [Hy"]
H* and D" fragments from GSD of HD, [H,"(1s0) +[1+FOH, )] A(3) ° ®
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Solving for[H," ] results in

Heat Shield (70 K)

[H2"] 1 A(1)+A(2) !
= Cold Head . Effusive | e T s
[HD+] [1+ FGSD(H2+)] A(S) (~20K Gas Jet E
B FGSD(HD+)— FGSD( D2+) A(4) . ) Pusher/Skimmer E— E=0 'g

A( 3) Resistive Anode

Y
Bunched Beam 2D PSD

From Tandem

.7 cm
— 84.6 cm

-
< »

In Eq. (9) the A(i) are the areas evaluated experimentally i)—bx
from the time-of-flight spectrum while the remaining GSD z
terms come from the calculated Franck-Condon factors . o )
(Table ). As with D,, to evaluate the ratio of neutral,Ho FIG. 4. Conceptual figure o_f the cylmdrlcally_ syr_nmetrlc
HD a small correction is needed since the amounts of GSL¥OLTRIMS-style apparatus used in the momentum-imaging deter-
from H, and HD isotopes are differefi23]. mination of the K contamination.

The D, contamination level is always determined with
better precision, typically to less thah1% compared to age spreads the distribution out over the detector. Second, we
about +5% for H,. Having determined the H and D,* could not afford to expend large amounts of the rather costly
contamination levels, Eq$4) and (5) can be used to deter- HD gas. This eliminated the possibility of using a two- or
mine the branching ratio for the HDGSD channels. While three-stage supersonic jet typically used in modern
the determination of the Hcontamination level depends on COLTRIMS apparatus.
the calculation of the GSD fractions, it is important to note  Qur solution was to build a precoo|ed effusive jet to lo-
that the measurement of the branching ratio of the two'HD calize the target, extract the ions with a spectrometer that

dissociati(in channels does not. The evaluation of thgncluded a weak electrostatic lens for spatial focusing of the
H(1s)+D" dissociation channel is the less accurate of thgons and measure the position of the recoil ions with a two-
two dissociation channels because of the ltontamination  gimensional resistive anode position sensitive detector. This
present in that cha_nnel. In addition, thQ*Hcontamlnat_lon approach, while not a COLTRIMS apparatus by the strict
was determined using the suh{1)+A(2), so the twodis-  qefinition of the term[41], since we do not measure the

sociation channel; are T‘O‘ evaluated indepe'ndently. Thus, Womentum of all the charged fragments that are a result of
Sec. IV, when using this method to determine theddn- the collision, retained many of the advantages of

tamllngtlon, we compare only the measured+D(1s) dis- COLTRIMS while the gas consumption of the effusive jet
sociation channel to theory. . )
was small enough to be economically feasible. A conceptual

view of our apparatus is shown in Fig. 4. A small gas cell is
mounted on the cold head of a cryopump. The HD gas flows

This technique uses a COLTRIMS-style apparatus to diinto this cell and is cooled to approximately 20 K by colli-
rectly measure the Hcontamination level by means of two- sions with the cell walls. A heat shield at liquid nitrogen
dimensional momentum imaging. The advantage of thigemperature surrounds most of the cold head and gas cell,
technique is that the Hcontamination can be evaluated in- limiting radiative heating of the gas cell by the rest of the
dependently of any calculations, and thé€ HD(1s) and apparatus, which is at room temperature. An effusive jet of
H(1s)+ D™ dissociation channels can be evaluated indepenthe precooled gas traveling toward the recoil ion detector is
dently from Egs(4) and(5), respectively. In addition, since formed when the gas escapes out of a 0.36 mm diameter hole
the measurements of the two dissociation channels are indet one end of the cylindrical gas cell. The gas pressure in the
pendent, the sum of the two channels can be used to test tloell is kept low enough that molecular flow conditions are
validity of the GSD calculations for the HDisotope in valid. The length to width ratio of the tube is about 9:1,
Refs.[13,23. therefore, the resulting effusive jet gives a somewhat direc-

Over the last decade or so the COLTRIMS technique hasonal flow [43], which further cools the target gas in the
proven to be a powerful experimental tool, and the basidransverse direction. The effusive jet is further collimated by
apparatus design has been modified in many ways to fit tha 1 mm diameter hole in the pusher plate of the spectrometer.
requirements of different experiments. A discussion of thes@he resulting target is about 1.5 mm in diameter in the col-
developments can be found in the topical review by Ullrichlision region(about 2 to 3 mm from the pusher plaighere
et al [40] as well as more recent papers by Abdal&hal. it intersects the fast proton beam which has been collimated
[41,42. The design of our apparatus evolved from two mainto about 0.5 0.5 mm.
considerations: First, we wanted to measure the momentum The recoil ions are extracted and accelerated by the elec-
of the low energy recoil ions that result from the GSD pro-tric fields of the spectrometer. The spectrometer consists of
cess with high precision. In order to do this, the target musB1 (63.5<63.5<1 mm) brass plates separated by ceramic
be localized and cooled, and the velocity of the recoil ionsspacers. The first platéhe pusher/skimmgrhas a 1 mm
must be measured. Using COLTRIMS techniques one cahole in the center to allow gas flow from the effusive jet. The
measure the momentum of low-energy recoil idos elec-  other 30 plates have a 57 mm diameter hole in the middle.
trons with high precision, since lowering the extraction volt- The distance from the front of one plate to the front of an

B. Momentum imaging technique
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adjacent plate is 5.6 mm. 98@Xkresistors connect each ad- L B B L
jacent pair of plates. Spatial focusing of the target is accom- - .
plished by applying voltage to the pusher and one other spec —GSD
trometer electroddthe focus electrode, plate number 11, 10 —H2 at 30 K
where the pusher/skimmer is plate numbgr This creates ~ F [ H® | --ee H at 300K
two uniform potential gradients on either side of the focus, 2 2
and since there is no grid at the focus electrode, the chang:
in the electric field from one region to the next forms an
electrostatic lens, a common COLTRIMS technique to im-
prove momentum resolutidi34,44—44. Once the ions leave
the spectrometer, they travel through a 662 mm drift region.

A 200 lines/inch electroform mesh is placed 5.5 mm in front 1k
of the first microchannel plate of the recoil ion detector, 7 C r

LN LI |
T

which operates at approximately 2.4 kV. The mesh is
needed so the high voltage applied to the front of the micro-
channel plates does not produce fields that distort the fielc -
free drift region. The spatial focusing of the spectrometer
was checked usingIMION [47]. This focusing results in an
effective target size comparable to the position resolution of
the detector.

The time of flight of the recoil ions was measured in
much the same way as in the time-of-flight technidsee
Sec. Il A). The start signal for the timing is taken from the !
rear of the last channel plate of thestack microchannel .
plate detector, because this signal has a much faster rise tim 5 }
than the signal from the resistive anode. Once again, a signa
synchronized with the bunched proton beam was used as .

P(E

D" + H(ls)

001- PR T T [N TR TN TN TN A TN T TN N A B A A . U
stop. o . - 0.000 0.005 0.010 0.015 0.020 0.025
A spectrometer with a single uniform extraction field has
first order focusing in the time-of-flight direction if the drift ED (a.u.)

region is twice as long as the acceleration region. Due to the
lens used for spatial focusing in our spectrometer, a longer FIG. 5. Prediction ofm/q=2 energy distributions assuming a
drift region is required for time focusing. Our detector posi- Maxwell-Boltzmann distribution for the $ molecular ions and
tion was chosen for the best combination of focusing in allthe Meyerhof model convoluted with the Franck-Condon overlap
three spatial dimensions. The long drift region, in combinadntegrals for the H(%)+D" dissociation channdlassuming equal
tion with the relatively weak extraction fields used, results inPoPulation$. The population of K" as a function of energy is
recoil ion flight times of at least severals. The repetition ~Shown for 30 and 300 K.
rate of the proton bunch was typically 21u. In practice,
the timing resolution is limited by the width of the proton ever, the H contamination was determined from the mea-
bunch, which was approximately 1-2 ns for the data resured two-dimensional momentum distributions. A predic-
ported here. The electronic resolution of the system igion of the energy distribution of the//q=2 peak is shown
slightly above 1 ns, mainly because weeus 1 nstime-to-  in Fig. 5, assuming equal amounts of Hand H(1s)+D™".
digital-converte{TDC) to record the time of flight. Further- If a Maxwell-Boltzmann distribution is assumed for the mo-
more, even though the spectrometer can achieve good focuecular ions, and they are sufficiently cdldote the different
ing in all three spatial dimensions, for the purpose ofdistributions for 30 and 300 K in Fig.)8hen the GSD con-
determining the H" contamination, we were primarily in- tribution and the H contamination should be separable by
terested in the information in theandz directions, and as a their energy, or equivalently, their momentum. Consider the
result, slightly favored spatial focusing over time focusingdistributions of momentum perpendicular to the extraction
when choosing the focus voltage for this experiment. Thdield shown in Fig. 6. This data was taken using a very low
two-dimensional resistive anode recoil ion detector used hasxtraction field(12.5 V/cm at the collision regignThe sharp
a position resolution of 0.18 mm/channel. Factoring in thepeak in the middle of then/qg=2 momentum distribution,
thermal distribution of the target gas, for the extraction fieldshown in Fig. 6a), is the molecular ions resulting from
used in this measurement-(l4 V/cm in the collision re- single ionization of the K contamination. Those H mo-
gion) the momentum resolution in theand z directions is  lecular ions, since they were measured at the same time as
approximately 0.7 a.u. the HD" molecular ions shown in Fig.(B), should have a
As in the time-of-flight technique described in Sec Il A, similar shape as that “pure” molecular ion peak, since they
the identity of the ions was determined by their time ofeach have the same thermal distribution. The difference in
flight, and much of the same analysis of the yields of the lowmass of the molecular ions, however, does mean that the
energy H and D' fragments was made. In contrast, how- H,” momentum distribution is slightly narrower, since
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FIG. 6. (a) Perpendicular momentum distributions forq=2. y( u.)

Them/q=2 distribution contains both a narrow distribution of H
molecular ions and a wider distribution of low energy Brag-
ments from GSD.(b) Perpendicular momentum distributions for
m/q=3, which contains only a narrow distribution of HDmo-
lecular ions. The lines mark the slices shown in Fig. 8.

FIG. 7. A comparison of thé®, momentum distributions of
HD* and D,*. The HD" distribution has been scaled according to
Eq. (10).

tions have the same shape, determining thedhtamination
p m is just a matter of normalizing the HDpeak so it matches
Hy* _ Hy ™ (10) the H,* peak. Since the shape of the peak is determined
Php+ Mup+ experimentally, scaling by Eq10) leaves only one free pa-
rameter for our fit, the number of A molecular ions rela-
The D" fragments in then/q=2 peak, on the other hand, tive to the number of HD molecular ions. A comparison
have a wide momentum distribution due to the kinetic energyhetween the K" peak and the scaled HDpeak is shown in
released upon dissociation, as well as a minimunPat0  Fig. 8. Them/q=2 distribution contains also Dfragments
due to the threshold behavior. The two components of thén the background, so only the center portion of the projec-
m/q=2 distribution, a narrow peak of i molecular ions tion is matched. Subtracting the scaled Hpeak from the
and a wide distribution of D fragments from GSD, can H,* peak leaves only the contribution from the" Dpeak,
easily be seen in Fig.(8). which is expected to have a minimum neRy=0. This
To evaluate the K" fraction relative to the dominant minimum is the indicator that determines the scaling factor
HD™ channel, we first scale the perpendicular momentum ofor the amplitude of the HD peak. Too large of a contami-
the HD" by the factor given in E¢(10) on an event-by-event nation fraction gives a minimum value significantly less than
basis in order to produce the expected momentum distribuzero. Too small of a contamination fraction does not produce
tions for H,*. To verify that such scaling of the momentum a satisfactory minimum. We define the average of these two
of HD™ peak is correct, we have also performed the samealues as the best fit, and the difference between the “too
scaling on the D" peak. Figure 7 shows that the scaledlarge” and “too small” gives the uncertainty in the fit. A
one-dimensionaP, momentum distributions of HD and  few values for the bl contamination illustrating the “fitting”
D," match nicely. Projecting a narrow vertical slice aroundprocedure are shown in Fig. 9.
P,=0 out of the momentum distributions shown in Fig. 6 Determining the H contamination level by this method
onto theP, axis accomplishes two things: First, it reduceseliminates the need to use the theoretical value for the GSD
somewhat the contribution from collisions that occurred outfraction of HD" in Eq. (9) to determine the klcontamina-
side the jet along the beam directiGGometimes referred to tion and enables the determination of the yields of the two
as a “hot gas” contribution Second, the slice is chosen so dissociation channels, H+D(1s) and H(1s)+D*, from
essentially the entire ;4 (or D,* for Fig. 7) contribution is  Egs.(4) and(5), respectively. In order to get enough resolu-
included in the slice, but only a small percentage of the GSQion to make the best fit of the ftontamination, the extrac-
events appear in the slice. An identical slice is taken out ofion field must be lowered to a value for which many of the
the HD" distribution. Since the middle of the two projec- fragments from GSD miss the detector. To evaluate the total
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FIG. 8. The projected slice@narked by the lines on Fig.) ®f : .
them/g=2 andm/q=3 momentum distributions. The momentum -200 - H,'/HD" =0.45%
of the HD" distribution has been scaled according to Bd) and [ , , -
in amplitude to determine the amount of Eontamination. -2 -1 0 1 2
yield of the GSD fragments, the extraction field must be Py (a-ll-)

raised to a value where all of the GSD fragments are col-

lected, but, as in the first method, most of the fragments from  FIG. 9. The difference between tme/q=2 and HD" P, mo-

the ionization-excitation or double ionization either miss thementum slice(a) shows the average of these two values, which we
detector or are shifted in time from the molecular ions anddesignate the best fit for this particular data (i, the estimate of
GSD fragments. From the time-of-flight spectrum taken withH,*/HD™ is too small, and a significant number of @vents still
this higher extraction field94 V/cm at the collision region  remain atP,=0. In (c), on the other hand, too much has been
A(1), A(2), A(3), andA(4) are evaluated as discussed in subtracted, and the resulting minimum in the momentum slice is too
Sec. llA, and the yield of both the H+D(1s) and  Wide.

H(1s)+ D" channels are then evaluated directly from Egs.

(4) and (5). Only the H contamination is determined with tamination in a second bottle to be 0.420.02% using the
the lower extraction field. momentum imaging technique and 0.410.025% using the

time-of-flight technique. These results are consistent with
each other, showing that either of the two methods may be
used to determine the ;Hcontamination level. The major
When applying the higher extraction field to the spec-advantage of the momentum imaging technique is that it al-
trometer(sufficient to collect all of the GSD fragmentshe  lows the yield of the H and D" fragments from GSD to be
momentum imaging apparatus described in Sec. Il B colmeasured independently as the determination of thedt-
lects the same information as our previous time-of-flighttamination does not rely on any theoretical calculations. The
spectrometer described in Sec. Ill A. In that case, we caincrease in the error for the second bottle is a result of using
evaluate the K contamination using only the time-of-flight, 20 MeV C** ions to produce the vertical ionization transi-
or we can reduce the extraction field to measure thedh-  tions to the vibrational continuum of HI{1s¢) instead of
tamination using two-dimensional momentum imaging. Inthe more favorable fast protons. The ratio of ionization-
this manner, we have measured theddntamination in two  excitation to single ionizatiofand the ratio of double to
HD bottles using both methods to determine if the two meth-single ionization is larger for * than for the fast protons
ods yield consistent results. For the first bottle, the ratio ofwe typically use Refd.13,32,39 and the increased error bar
H,* to HD" was determined to be 0.53.02% using the reflects the increased uncertainty in the subtraction of these
time-of-flight technique. Using the momentum imaging tech-competing processes. For comparison, the measujeiD
nigue on the same bottle, the ratio was measured as 0.518mination was 0.47% 0.002% in the first bottle and 0.472
+0.015%. More recently, we have determined theddn-  =0.003% in the second bottle. The, Bontamination is de-

IV. RESULTS AND DISCUSSION
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FIG. 10. The yield of H + D(1s) relative to HD'(1sc) mea-
sured with the time-of-flight technique as a function of extraction

field. The dotted lines above and below the average value represe

one standard deviation from the average result. The dashed line

the expected value for a symmetrical branching ratio. The measure

values are significantly different from a symmetric dissociation.

termined more precisely than the,Hsince it is the only
recoil ion withm/q=4.

Using the time-of-flight technique the yield of HGSD
fragments is measured relative to the HBield. Our results

PHYSICAL REVIEW A62 062707

D* fragments must add up to the total GSD fraction for HD
in order to determine the H contamination, we can inde-
pendently measure only one of the GSD channels. Having
our choice, we choose the ™™ D(1s) channel, since the
H,* contamination plays only a minor role in the evaluation
of this channel, and consequently the uncertainty is smaller
than with the H(E)+D™ channel. In Fig. 10 we compare
the results of the time-of-flight technique to the expected
ratio of H"/HD™ if a symmetric dissociation is assumed,
that is, an equal population of thesd& and 2o final states.
The average measured value of MID" is 0.527% and the
standard deviation is 0.011%. This is significantly different
(2.30) from the symmetric dissociation value of 0.502%.
The experimental results are summarized in Table Il. Note
that in Table Il the experimental data is presented relative to
total single ionization, that is, relative to the sum of all of the
channels given in Eq1).

Using the momentum imaging method to evaluate the H
contamination, we can independently measure both dissocia-
tion channels, as well as verify that the Franck-Condon over-
lap integrals give the correct ratio of bound-free transitions
to total single ionization events. These results, shown in
Table Il, are consistent with the results from the time-of-
flight technique. Furthermore, the measured yield of the
H(1s)+ D™ channel agrees with the theoretical values. lon-
ization of the HD target by 20 MeV € projectiles had no
significant effect on the process except that the increase in
PPoduction of recoil ions from double ionization and

nization-excitation of the HD target slightly increased the
rror bargsee Table . This is expected, since qualitatively,
as long as the ionization mechanism satisfies the Franck-
Condon approximation, it should not affect the GSD process.
Taken together, the results of our measurements clearly point
to a measurable symmetry breakdown in the dissociation of
the HD" ground electronic state. Thus, the isotopic effect
causing the breakdown of the Born-Oppenheimer approxi-

are shown in Fig. 10 as a function of the extraction field onmation for HD" not only results in the localization of the
the spectrometer. The extraction field is varied to diminishelectron around the deuteron, as demonstrated by Carrington
the possibility of systematic errors related to ion impact en-et al. [10], but is also responsible for a measurable prefer-
ergy and spot size on the detector. Since this method requirence for the H + D(1s) state in the vibrational continuum.

the application of the constraint that the sum of the &hd

These results might seem, at first glance, to be somewhat

TABLE II. Summary of the experimental results using two different methods, the results obtained from a
Meyerhof model, and the theoretical results. The three values for the Meyerhof model are obtained using

different values forwp in Eq. (2) as explained in the
single ionization of HD.

text. All of the results are presented relative to total

Method H"+D(1s) (%) H(1s)+D" (%) FCSDHD™) (%)
Time-of-flight 0.522:0.011
Momentum Imaging 0.5260.009 0.48%0.016 1.003:0.018
Momentum Imaging 0.517+0.012 0.47%0.022 0.99&:0.025
Coupled channels 0.539 0.455 0.994
Eq. (2—KER=E—Ep(yy 0.534 0.460
Eq. (2—KER’=E— Eb(is) 0.536 0.458
Ed. (2—KER=E—Eys 0.529 0.465

Measured with 20 MeV &" projectiles instead of 4 MeV protons.
bTruncating the probability below the D§ threshold.
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since it will be easier to compare E(.1) directly to experi-
mental results. This transition probability, increases rap-
idly from zero at threshold and later approaches 0.5 asymp-
totically for both the coupled channels calculations and
Meyerhof’'s analytic formula, as shown in Fig. (&l There

is a nice overall agreement between the two. A closer look,
however, at these calculated probabilities, shown in Fig.
11(b), reveals some differences. First, Meyerhof's formula
overestimates the transition probability at large energies, but
only by about 0.7%, not a large inaccuracy “price” for the
associated gain in simplicity. In contrast, near threshold the
disagreement between Meyerhof’'s formula and the coupled
channels calculations is significant, as shown in the inset of
Fig. 11(b). Not only does Meyerhof's formula fail to de-
scribe the threshold behavior properly, it is not clear what
threshold one should use to evaluate the relative nuclear
speedyp, in Eq. (2). In the GSD process, the asymptotic
value ofvp is evaluated relative to the lower Dg) thresh-

old associated with the initialsb- state. If charge transfer
occurs during the dissociation, however, the nuclear speed
can no longer be evaluated in the same waypgsnow
becomes relative to the upper H{)lthreshold. As a result,
there is some ambiguity in applying the Meyerhof model at
collision energies comparable with the energy gap between
the upper and lower states. If one uses the lowerdp(1
threshold the agreement with the coupled channels probabil-
ity extends to lower energies, but some transitions can occur

in the energetically forbidden region. This is avoided if one
uses the higher H(g) threshold but then Meyerhof's for-
mula under estimates the coupled channels probability sig-
nificantly and over a wider energy range. It seems that the
best way to apply the Meyerhof formula is to use the lower
threshold and set the transition probability to zero below the
H(1s) threshold.

The total fraction of GSD which is transferred to thp®
final state, which is the measured value in this experiment, is
given by P,,,=[odEP(E)W(E)), where P(E,) is the
probability for a kinetic energy releadg,. The value of

surprising, given the range of the kinetic energy release iff’ (Ex) is given by the Franck-Condon factors for the vibra-
the GSD process (FWHM300 meV)[13] compared to the _t|onaI contl_m_Jl_Jm[13,2?ﬂ. The p_robab|I|ty for C;SD remain-
size of the energy gap between thesland 2po final states NG on the initial Iso state is given byPys,= [odE(P(Ey)

(3.7 me\). Qualitatively, however, it is easier to understand — P2ps=JodEP(E)[1—W(E)]. The computed values
these results when you consider that the distribution of postsing the different versions of the Meyerhof formula dis-
sible kinetic energy release values peaks at f&8 so the cussed above are given in Table Il. It can be seen that the
most probable kinetic energy releases are ones where thtegrated value using the kinetic energy release relative to
lower energy %o state should be favored. More quantita- the H(1s) threshold fits the coupled channels calculation
tively, the theoretical 4o to 2po transition probabilityw is ~ best, because of the cancellation of the underestimate at low
shown in Fig. 11 as a function of the kinetic energy uponenergies with the overestimate at high energies. Furthermore,

dissociation[relative to the H(%) threshold. We have de- Using this threshold prevents transitions in the energy forbid-
finedw as den region below the H() threshold. However, as can be

seen from Fig. 1(b), this probability fails more in describing

the transfer probability just above threshold. If one uses the
truncated probability which best approximates the behavior
near threshold, the deviation of the integrated value is mini-

rather than the more conventional definition of a transitionmal’ much smaller than ou_r'expenmen'tgl errors in the mea-
surement of the total transition probability.

045
E (a.u)

FIG. 11. The transition probability between thedland o
statesw(E,) (see definition in tejt as a function of energy above
the D(1s) dissociation thresholdia) Overall view, (b) magnified
view of the threshold regiofinse) and “high-energy regime.” The
calculations using Meyerhof's formula were conducted twice, with
kinetic energy releases relative to the dfland D(1s) thresholds
(see text

-0.40

Tyransfek Ex)
Transiel Ek) T Telasid Ex) '

w(E,) = (11

probability
) V. SUMMARY
01H2=@, (12 We have presented the results of experimental studies of
ki the dissociation of the electronic ground state of ‘Hidl-
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lowing vertical single ionization of HD by fast ion impact. nique should allow this. The GSD process results in*a H
The H"+D(1s) dissociation channel is about 7% more +D(1s) half collision with some collision energies much
likely than the H(X)+D" dissociation channel. This dem- smaller than those that have been measured with merged
onstrates that the asymmetry in the electron distribution, prebeams[48], thereby opening new possibilities for empirical
viously measured in high bound vibrational states of HD examination of this near-resonant charge transfer process.
[10], extends above the dissociation threshold. The majoThe major challenge in such an experiment would be the
experimental difficulty in this measurement was the determiaccurate determination of the kinetic energy release of each
nation of the amount of Hin the HD target. Two different GSD event.

methods, one depending on theoretical knowledge of the

GSD fraction_s, and one a_direc_t meaSl_Jrement, were used to ACKNOWLEDGMENTS
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