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Experimental studies of the dissociation of the electronic ground state of HD* following ionization
of HD by fast proton impact indicate that the H" + D(1s) dissociation channel is more likely than the
H(1s) + D* dissociation channel by about 7%. This isotopic symmetry breakdown is due to the finite
nuclear mass correction to the Born-Oppenheimer approximation which makes the 1so state 3.7 meV
lower than the 2po state at the dissociation limit. The measured fractions of the two dissociation
channels are in agreement with coupled-channels calculations of 1so to 2po transitions.

PACS numbers: 34.50.—s, 82.30.Fi, 98.38.Bn

The sudden ionization of a hydrogen molecule prefer-
entially leads to the electronic ground state of the molecu-
lar ion. The final vibrational state is determined by the
Franck-Condon factor linking the neutral state to the ionic
state. Thisfinal state may be abound state of the molecular
ion or a continuum state that dissociates into a hydrogen
ion and a hydrogen atom. These vertical transitions are
shown schematically in Fig. 1. Dissociation of the elec-
tronic ground state resultsin fragments having very low ki-
netic energy (typically < 1 eV). Excited electronic states
can be produced during ionization but the relatively high
kinetic energy of the fragments clearly distinguishes these
processes from “ ground state dissociation” (GSD) (see, for
example, Ref. [1]). The question we are concerned with
in this Letter is whether or not GSD of HD ™" is symmetric;
that is, is there a measurable difference between the two
distinguishable dissociation channels, H(/s) + D* and
HY + D(Is)?

It is well known from structure calculations of HD™
(see, for example, Refs. [3-5]) that this isotope differs
from the homonuclear isotope due to the finite mass of
the nucleus, which results in the D(1s) threshold being
3.7 meV lower than the H(1s). This isotope effect pro-
duces the avoided crossing of the molecular 1so and 2p o
states [which adiabatically dissociate to H* + D(1s) and
H(1s) + D*, respectively] shown in Fig. 1. This break-
down of the Born-Oppenheimer approximation was experi-
mentally studied by Carrington et al. [6], who measured
the vibration-rotation transitions of the HD* near the dis-
sociation limit. These spectroscopic measurements were
in good agreement with ab initio calculations only if
corrections to the Born-Oppenheimer approximation were
included. Furthermore, using the measured hyperfine
multiplet splitting, they showed that the electron becomes
more localized around the deuteron for high vibrational
states near the dissociation threshold.

One would expect a similar behavior just above the dis-
sociation threshold. Explicitly, within the energy gap, only
dissociation into H* + D(1s) should occur because the
upper dissociation limit is energetically forbidden. The
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two states start mixing above the H(1s) threshold and ap-
proach equal probabilities as the energy above threshold
increases. This mixing between the adiabatic 1so and
2p o states can be described using a scattering approach.
Within this description, a vertical transition into the vi-
brational continuum of the HD*(1so) occurs, followed
by a possible transition to the first excited 2p o state dur-
ing dissociation, resulting in D" fragments. The 1so to
2 p o transition probability increases from zero at the H(1s)
threshold and approaches 0.5 just below the n = 2 mani-
fold, so that the two dissociation channels are equally
likely. Thus, qualitatively, the lower dissociation chan-
nel, H" + D(1s), should be more likely because below
the H(1s) threshold it is the only allowed channel. But
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FIG. 1. Schematic view of the vertical transitions between the
ground states of HD and HD". The potential energy curve of the
hydrogen molecule was taken from Ref. [2] and from Ref. [3]
fortheHD™. Intheinset, we also show for comparison the same
potential energy curves of HD™, calculated within the Born-
Oppenheimer approximation.
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one can still wonder if this effect results in a measurable
asymmetry, because the energy gap is very small in com-
parison to the energy range spanned in GSD. The energ)
distribution of the dissociating HD(1s¢) falls off, with
increasing energy, from its maximum value at threshold
and has a width of about 300 meV [1]. Furthermore, the
asymmetry found by Carringtost al. [6] below the disso-
ciation threshold was large for the= 21 vibrational state o
which has a dissociation energy of 1.26 meV [7], i.e., less >~
than the energy gap between the two dissociation limits.

In contrast, thev = 18 state was found to be essentially HD* E
symmetric. At 74.156 meV [7] below threshold its disso- 3 ’ 7
ciation energy is much closer to threshold than the width 800 [ D D, | -
of the GSD distribution. How fast the asymmetry disap- 600 . H)’ Eoas ]
pears with increasing energy above th@ H dissociation H ’;"""‘V 7
threshold and whether there is a measurable difference be ~ *°[ poward. Detactor '
tween the two dissociation limits is not immediately clear. 200 /e .

In addition to the basic interest in this process due to
the breakdown of the Born-Oppenheimer approximation, it
could also be relevant to astrophysics, where HD and HD
are among the molecules used to study the chemistry of
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the interstellar medium. In particular, these molecules arg|G. 2. (a) A typical time-of-flight spectrum of single recoil
used to estimate the deuterium abundance in the universens produced by 4 MeV proton impact on HD and background,
which sets limits on the primordial baryon density. If measured with a 105 Xém extraction field. (b) The same

HD™* preferentially dissociates into D and"Hthen this spectrum af_ter background subtraction. In the _inset, we show a
agnified view of then/q = 2 peak after baseline subtraction

process might play a role in estimates of the abundance ‘gee text and Ref. [12]). Note that the region around the center
deuterons deduced from observations of D, HD, and othejeak is flat.

deuterated molecules {4.0].

Experimentally, HD molecules in their ground stateshown in Fig. 2(b), by subtracting a water spectrum
were ionized by fast protons, which had been bunchedheasured under the same conditions [12].
and accelerated to 4 MeV. Recoil ions produced in the The HD target is also contaminated by &hd D, from
target region were extracted toward a microchannel platthe HD recombination process, HB HD — H, + D,,
detector by the weak electric fields of a time-of-flight which proceeds slowly in any HD rich container. One has
spectrometer [11]. Typical time-of-flight spectra of single to determine the H and D contamination levels in order
recoil ions measured with a weak extraction field areto evaluate the branching ratios for the two possible ground
shown in Fig. 2(a). The H and D' peaks in this fig- state dissociation channels of HID The Dy contamina-
ure have a similar structure with a narrow center peakion level was directly measured to Bel76% *+ 0.003%
containing the low energy fragments of interest in thisfrom the time-of-flight spectrum shown in Fig. 2. In con-
work and a broad distribution of the fast fragments that igrast, it is not trivial to determine the ;Hcontamination
characterized by two shoulders and a central dip. Whetevel because this molecular ion has the same flight time
using such weak extraction fields, one has to be espes the D" fragment. A method for evaluating the Hrac-
cially careful to satisfy the following constraints: (i) the tion from the time-of-flight data has been suggested [12]
detection efficiency must be the same for all recoil ionsthat is based on theoretical calculations of the ground state
of interest, and (ii) the target density has to be very lowdissociation fraction of each of the hydrogen isotopes. As
to ensure that no chemical reactions formingDHi and  a result of this procedure, however, the two dissociation
HD; occur before the recoil ions leave the target regionchannels of HD are not measured independently. In this
The latter was verified by the absence of th€g = 5  Letter, we present a direct observation of symmetry break-
peak associated with HD formation. The former was down in ground state dissociation by comparing the two
accomplished by accelerating the recoil ions to more thafinal channels.
3 keV just before hitting the detector, using a highly To determine the B contamination level directly, the
amplifying Z-stack microchannel plate detector, and bymomentum vector of each recoil ion was evaluated from
setting the discrimination level sufficiently low. The time- the measured position of impact on the detector and its
of-flight spectrum shown in Fig. 2(a) contains, in additiontime of arrival. The position information was decoded by
to the peaks of the molecular hydrogen target, somesing a resistive anode with a resolution of about 0.18 mm.
contributions from residual water. These contributionsTo achieve the needed experimental resolution in momen-
were removed to yield the background-free HD spectrumtum, the target had to be localized and cooled. The HD
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target gas was introduced into the interaction region as aion and for the combined Dand H peak (i.e.;n/q = 2).
effusive jet perpendicular to the beam. Such a target washe momentum distribution of the HDpeak is due to
still too large, however, and would have caused significanthermal motion for which a temperature 2 + 4 K was
broadening, especially along the beam direction. We theredetermined by fitting a Maxwell-Boltzmann distribution.
fore used a weakly focusing lens as part of our spectroméFhe H; is expected to have a similar thermal distribution,
ter to focus the whole target volume into a spot smalleresulting in a slightly narrower momentum distribution
than the detector resolution both in time and position, @ecause of its lighter masBy: /Pup+ = vmu; /mup-+.
technique used in some cold target recoil ion momentunin contrast to the B molecular ions, the D fragments
spectroscopy experiments [13,14]. Cooling of the targetre expected to have a wider distribution due to the ki-
gas is necessary so that thermal motion is small in comnetic energy released upon dissociation and a minimum at
parison with the kinetic energy of the fragments. The targep, = 0 because of the threshold behavior. The expected
gas was cooled in a small cell attached to a cryogenic heaslim of narrow and wide distributions can be easily seen
which was held at about 20 K. Some additional transverséh Fig. 3(b). To evaluate the Hfraction relative to the
cooling was accomplished by the flow of the effusive jet. main HD" channel, we scaled the momentum of all HD
See Refs. [1,11,12] for further details about the apparatuins by the square root of the mass ratio, thus producing
and the experimental technique. the distribution expected forHshown in Fig. 3(a). Then,

The distributions of the momentum perpendicular to thewe projected the narrow slice marked on the figure of both
extraction field are shown in Fig. 3 for the HOmolecular 2D distributions onto the?, axis, as shown in Fig. 3(c),
and matched the center peaks of both as will be explained
in detail in a forthcoming publication [11]. From this fit,

4 (a) : the ratio of H to HD* was determined to b@.510% +
0.015%. Using the procedure presented previously [12],
2 we evaluated a similar ratid.63% =+ 0.02%). It is im-
ol . ] portant to note, however, that this new method allows di-
rect comparison between the two dissociation channels.
2f ] The narrow center parts of the/q = 1,2 peaks in the
’5 time-of-flight spectrum shown in Fig. 2 were used to de-
pr -4t 1 termine the yield of the H + D(1s) and H1s) + D" dis-
= d ' ' ’ ! * sociation channels, respectively. Note that the remaining
o (b) ] low energy fragments are solely associated with the disso-
2l ) ciation of the electronic ground state of iDThese areas
: are evaluated after subtracting a second order polynomial
3 base line which fits the pe&kshoulders [12]. These areas
) have the following contributions:
A(l) =[HD" = H']+ [Hy = H"], (1)
4}
AQ2)=[HD" - D]+ [D;y - D]+ [Hy]. (2
(©) ::{"F; The GSD fractions, D/D; and H /H; , were determined
1000L =<1 previously to be 0.5206% and 1.4762%, respectively
o [1,12]. Using the evaluated contamination levels of H
ol and D relative to HD' yields [D; — D*]/[HD*] =
< 500 ] 0.00248% =+ 0.00001% and [H, — H"]/[HD"] =
0.007 53% = 0.00022%, respectively. Note that the sub-
traction of these contributions does not affect the accuracy
0 . . . : of the measurement of either channel significantly. In
4 2 0 2 4 contrast, the subtraction of the;Hcontamination itself
Py (a.u.) from the Hls) + DT dissociation channel is the main

source of uncertainty in this experiment.
FIG. 3. The two-dimensional momentum distributions of The main results of our measurementthe relative
(@ HD" and (b) D" and H, i.e., m/q =2 recoil ions yields of the two ground state dissociation chanretze
measured with a 14 Xtm extraction field. The shades of presented in Table I, both given relative to the bound
gray represent the same percentage of the maximum in botyp+ yield. H* + D(1s) is clearly the favored dissocia-

distributions. (c) The one-dimensional momentum distribution,. .
along the direction perpendicular to the beam, produced b on channel. The difference between the two, though

projecting the events within the marked slices of the 2pSmall, is significant Z.1¢), thus indicating a measur-
distributions onto theP, axis. able symmetry breakdown in ground state dissociation of
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TABLE I. The relative yields of H + D(1s) and H1s) + D™. can compare the measured and theoretical transition proba-

H* +D(15) H(1s)+D" biIities' as a function of'ener.gy.directly. Finally, th'eoreti'cal
HD* HD* modeling of the chemistry in interstellar clouds including
Experiment 0.526% + 0.009% 0.488% + 0.016%  this asymmetry is needed to determine if, and to what ex-
Theory 0.544% 0.460% tent, the preference of (Ds) over H1s) formation upon

dissociation of HD (1so) by any mechanism contributes
as a deuterium fractionation mechanism.
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the Born-Oppenheimer approximation for FiRauses not the members of the atomic physics group at the J.R.
only small changes of the potential energy curves and loMacdonald Laboratory for many enlightening and helpful
calization of the electron density on the deuteron for highlydiscussions. |.B.|. also thanks Y. Ben-ltzhak for his en-
excited vibrational states [6], but also is responsible for th&ouragement during the early stages of this project. This
measurable preference of B) over H1s) upon dissocia- Work was supported in part by the Division of Chemical
tion of HD* (1sa). In other words, the localization of the Sciences, Office of Basic Energy Sciences, Office of Sci-

electron density on the deuteron occurs also in the vibra€nce, U.S. Department of Energy, and in part by a National

tional continuum. Science Foundation grant to the Institute for Theoretical
We have also treated this dissociating system theorettomic and Molecular Physics at the Harvard-Smithsonian

cally by employing a coupled channels method [11]. TheCenter for Astrophysics.

adiabatic potential energy curves and the coupling between

the two lowest electronic states were evaluated using pro-

late spheroidal coordinates with the origin at the nuclear

center of mass [3]. The vibrational continuum wave func-  *Corresponding author.

tions of the final state of HD and their overlap with the Email address: ibi@phys.ksu.edu

initial vibrational wave function of the HD ground state 'Present address: Etec Systems Inc., 26460 Corporate

were then computed as a function of the energy above iAvenue, Hayward, CA 94545. .

the dissociation threshold of HD Finally, these transi- Present address: Department of Physics, Kansas State

tion probabilities were integrated to yield the probability . University, Manhattan, KS 66506.

for each final dissociation product. The calculated values [} - Ben-lzhaket al., J. Phys. B29, L21 (1996).

= . _[2] W. Kotos, K. Szalewicz, and H.J. Monkhorst, J. Chem.
for J = 0, effectively the only state populated at the tem Phys. 84, 3278 (1986).

perature of the HD target, are in good agreement with the[3] B.D. Esry and H.R. Sadeghpour, Phys. Rev6@, 3604
measured values as shown in Table I. (1999).

To summarize, we have shown that ground state dis-[4] R.E. Moss and I. A. Sadler, Mol. Phy61, 905 (1987).
sociation of heteronuclear hydrogen molecules leads to g5] J. Macek and K. A. Jerjian, Phys. Rev.38, 233 (1986).
measurable symmetry breakdown. Specifically, for'HD [6] A. Carringtonet al., Mol. Phys.72, 735 (1991), and refer-

the dissociation into H + D(1s) is more likely than that ences therein.
into H(1s) + D* by 7.5%. The measured ratio is in good [7] G.G. Balint-Kurtiet al., Phys. Rev. Ad1, 4913 (1990).
agreement with our calculations of theo to 2po transi-  [8] P.C. Stancil, S. Lepp, and A. Dalgarno, Astrophys5(®,

1 (1998).

tion probability using coupled channels calculations. Fur- ,
9] D. Galli and F. Palla, Astron. Astrophy835, 403 (1998).

thermore, theory p_btams the energy dep(?nde"nce of t 0] S. Datzet al., Phys. Rev. A52, 2001 (1995)

Iso to 2po transition probability for such half” col- [11] E. Wells et al. (to be published)

I|S|ons_ in the energy range of a few meV, i.e., COIIISIon[12] I. Ben-ltzhaket al., Nucl. Instrum. Methods Phys. Res.,
energies that are beyond the experimental technology of ~ gect. B129, 117 (1997).

regular collision methods. If the energy of the fragment[13] J. Ullrich et al., J. Phys. B30, 2917 (1997).

can be measured to a precision of the order of 1 me\{14] M.A. Abdallahet al., Nucl. Instrum. Methods Phys. Res.,
which is experimentally challenging but feasible, then one  Sect. B154, 73 (1999).

61



