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Two-body dissociation of formic acid following double ionization by ultrafast laser pulses
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We studied the fragmentation of planar formic acid (HCOOH) molecules following their double ionization
by intense ultrashort laser pulses. Deuterium tagging (i.e., HCOOD) combined with coincidence momentum
imaging measurements of all fragment ions enabled determination of the role of the hydroxyl and carboxyl
hydrogen atoms in the breakup. Specifically, we observe a strong preference for the hydroxyl (OD) group to
remain intact in a HCOOD2+ → OD+ + HCO+ fragmentation, which is an order of magnitude more likely
than OH+ + DCO+. An even larger preference for breaking the H-C bond over the O-H bond is observed in
the H+ + DCO2

+ and D+ + HCO2
+ deprotonation channels. Bond rearrangement, leading to H2

+ or H2O+

formation, exhibits no isotopic preference. The kinetic-energy-release distributions of the OH+ + DCO+ and
O+ + H2CO+ breakup channels suggest that more than one process contributes to these final products, although
further theoretical work is needed to identify the specific paths.
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I. INTRODUCTION

Studies of complex dynamics in polyatomic molecules ini-
tiated by intense laser pulses continue to be an active area
of research both due to fundamental interest and as a step
toward improving control of chemical processes. Roaming of
a neutral H2 moiety [1–6], hydrogen migration [7–24], and
bond rearrangement [5,6,25–40], which involves the breaking
and subsequent formation of chemical bonds between differ-
ent atoms, are some of the processes that have come under
scrutiny in recent years.

Within this context, the fragmentation of formic acid,
HCOOH, is interesting since it is a relatively complex
molecule despite having only five atoms. The two hydrogen
atoms are not equivalent, as one is on a carboxyl site and the
other is on a hydroxyl site, and the molecule, while planar,
has no further symmetries. Tunneling between local minima
on both the neutral [41] and monocation [42] potential-energy
surfaces induces changes in molecular geometry. HCOOH is
achiral in the ground state, but an approximately 6 eV vertical
transition causes pyramidalization and formation of a chiral
configuration [43,44], which has been used as a basis for
studying enantioselective fragmentation [45]. Due to these
features, HCOOH has rich structural dynamics that have been
the subject of a number of previous studies [41,42,45–47].

The possible two-body dissociation channels of the formic
acid dication can be categorized into channels that could occur
via a simple bond cleavage, such as hydroxyl formation,

HCOOH2+ → OH+ + HCO+, (1)

*eric.wells@augie.edu
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deprotonation,

HCOOH2+ → H+ + HCO2
+, (2)

and deoxygenation,

HCOOH2+ → O+ + H2CO+, (3)

or dissociation that involves hydrogen migration and bond
rearrangement, such as water formation,

HCOOH2+ → H2O+ + CO+, (4)

and hydrogen formation,

HCOOH2+ → H2
+ + CO2

+. (5)

The latter two processes are interesting because of the com-
plex behavior needed to form the new molecular ions. We note
that the first three processes could also occur through more
complex dynamics than a single bond cleavage. For example,
hydroxyl formation [Eq. (1)] could include the migration of
hydrogen atoms rather than simple bond cleavage, but these
differences are difficult to detect when the hydrogen atoms
are identical.

In previous work, Wang and coworkers examined dis-
sociation of HCOOH2+ following double ionization by an
intense laser pulse [46,47]. Their calculations showed that
the lowest singlet and triplet states of HCOOH2+ have dif-
ferent geometries. In the singlet state, the molecular ion is
nearly linear, with OH groups on each side of the central
carbon atom. This configuration is not stable and commonly
leads to HOCOH2+ → OH+ + HCO+, where the lifetime of
HCOOH2+ was estimated to be around 150 fs [47]. According
to Wang et al., further bond-rearrangement processes, which
often include hydrogen migration, are less likely to proceed
from the singlet ground state due to the initial separation
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of the hydrogen atoms. On the other hand, they argue that
the triplet ground state of the dication closely resembles the
neutral geometry and thus more easily facilitates hydrogen
migration.

In this article, we extend the studies of Wang et al. [46,47]
by measuring the branching ratio for two-body dissociation
following double ionization of both HCOOH and HCOOD
targets. The advantage of deuterium tagging is that it distin-
guishes the hydroxyl hydrogen from the carboxyl hydrogen.
Specifically, in HCOOD, the hydrogen atom (the “carboxyl
hydrogen”) is attached, via the carbon atom, to the carboxyl
group that comprises the rest of the molecule. The carboxyl
group itself contains the deuterium atom that is bound to the
oxygen in the hydroxyl group (“the hydroxyl hydrogen”). In
the hydroxyl formation [Eq. (1)] and deprotonation [Eq. (2)]
processes, the presence of the deuterium atom in the hydroxyl
group distinguishes situations in which the hydroxyl group
remains intact from those in which the O and D separate.

Both hydroxyl formation and deprotonation show signif-
icantly different kinetic energy release (KER) and angular
dependence (discussed in the Appendix) depending on the
final-state configuration of the hydrogen atoms. In the water
[Eq. (4)] and hydrogen [Eq. (5)] formation channels involving
bond rearrangement, deuterium tagging allows the study of
isotopic effects. Under the conditions in this study we observe
no significant difference in the isotopologue-specific branch-
ing ratios and angular distributions of hydrogen and water
formation.

II. EXPERIMENTAL METHOD

In the present measurements, the laser pulses were pro-
duced by a Ti:sapphire laser located in the J. R. Macdonald
Laboratory known as PULSAR [48]. PULSAR produces
pulses with 25-fs (FWHM in intensity) pulse duration, a cen-
tral wavelength of 780 nm, and a maximum pulse energy of
2 mJ at a repetition rate of 10 kHz. The linearly polarized
pulses were focused, by an f = 7.5 cm spherical mirror to a
peak intensity of 2 × 1015 W/cm2, onto randomly oriented
target molecules in the supersonic molecular beam of the
apparatus. The laser polarization is pointed along the time-
of-flight axis of the spectrometer. The base pressure in the
spectrometer region was below 2 × 10−10 Torr. Both HCOOH
and HCOOD gas targets were measured separately, as de-
scribed in the following section.

We employed cold-target recoil-ion momentum spec-
troscopy (COLTRIMS) [49–51] and measured all ionic frag-
ment momenta on a molecule-by-molecule basis, enabling
identification of dissociation channels. In this experiment,
electrons were not detected. The data analysis procedure
was very similar to the one described by Zhao et al. [38].
Briefly, each two-body double-ionization channel was identi-
fied on a coincidence-time-of-flight map. The laser-molecule
interaction point, target gas jet velocity, and spectrometer
parameters are calibrated by considering all coincidence chan-
nels simultaneously and by using the expected symmetries
about the laser polarization axis [38]. Following conversion
of the measured position and time of each hit on the de-
tector to momentum space in the laser frame of reference,
momentum conservation is used to separate true two-body

FIG. 1. Normalized yield of the hydroxyl formation channels
[Eqs. (1), (6), and (7)] as a function of KER. For easier comparison
of the features of the KER distribution, the yield of each channel
is normalized so that the integral of each KER distribution is 1.
The bond-rearrangement channel (7) is also fit with a two-Gaussian
curve, indicated by the thin black line. The individual curves that
contribute to the fit are shown by the dashed and dash-dotted olive
lines. The inset shows a ball-and-stick model of the ground trans
vibrational state of neutral HCOOH.

dissociation channels from the background. In some channels,
contributions that arise from two different parent molecules
being ionized in the same pulse, i.e., false coincidences, pass
through the momentum-conservation conditions. To mimic
such contributions, we randomly pair hits from different laser
shots to reproduce the distribution of false coincidences. Fol-
lowing normalization to a channel that can arise only from
a false coincidence, we subtract the artificially generated
false-coincidence momentum distribution from the measured
momentum distribution. [38,52]. Finally, the symmetry about
the laser polarization axis is used to correct for anisotropies in
the position-dependent detection efficiency.

While the formic acid is introduced at room temperature,
the expansion of the molecular beam through the nozzle into
vacuum leads to internal cooling of the molecules [49–51].
Thus, room temperature establishes an upper limit on the
vibrational temperature of the formic-acid target, and our
best estimate of the rotational target temperature is around
100 K. This means that the ground vibrational state of the
trans configuration, illustrated in the inset in Fig. 1, is the
only vibrational state with a meaningful population [53,54].
Since the rotational target temperature is much higher than
the characteristic rotational temperatures [55] of formic acid,
many rotational states can initially be populated.

The choice of laser intensity used in the experiment was
motivated by a desire to concurrently examine ionization cre-
ating HCOOH3+ and even higher charge states (which will
be discussed in future work). Thus, there are many disso-
ciation channels with higher charge states observed in the
data. In the present analysis, which examines double ion-
ization followed by two-body breakup of the molecule, the
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FIG. 2. The number of HCOOD2+ → OH+ + DCO+ events
(log scale) as a function of KER and cosθ , where θ is the an-
gle between the OH+ fragment and the laser polarization. (a) The
spectra after momentum-conservation requirements and random-
coincidence subtraction, which still leaves contamination from
another channel running diagonally through the lower half of the
panel. (b) The same plot for the two-body channel after mirroring
the cos θ > 0 data within the magenta rectangle onto the cos θ < 0
region of the plot. The two dashed lines at 4.4 and 5.6 eV mark the
locations of the KER peaks of the two-Gaussian fit shown in Fig. 1.

contributions of the associated dissociation channels with
higher charge states sometimes are not entirely separated from
the two-body channels using the methods described in the
previous paragraph. An example is shown in Fig. 2 for the
HCOOD2+ → OH+ + DCO+ dissociation channel. In that
plot, the two-body channel, which forms the vertical stripe
around 4–6 eV, is intersected by events that curve from the
middle left to bottom right in Fig. 2(a). The curvature arises
because the contamination channel contains a fragment with
a different mass (e.g., O+ instead of OH+) than the channel
of interest and therefore the momentum of the contamina-
tion channel is calculated incorrectly. While subtracting this
contribution is possible for many three-body contaminations
such as H+ + O+ + DCO+, we used a simpler strategy in this
work. Specifically, a selection of data can be used to recon-
struct, via reflection of the data about cos θ = 0, the two-body
channel without the background. The estimated systematic
uncertainty introduced by this procedure is included in the
branching-ratio results.

III. RESULTS AND DISCUSSION

When the HCOOD isotopologue is used as a target, hy-
droxyl formation [Eq. (1)] separates into two distinguishable
products,

HCOOD2+ → OD+ + HCO+ (6)

→ OH+ + DCO+, (7)

where OD+ forms with the hydroxyl deuterium, while OH+

formation involves the carboxyl hydrogen, indicating hydro-
gen migration to the lone oxygen or scrambling of the H
and D. Likewise, deprotonation [Eq. (2)] separates into two
channels that produce either a proton from the carboxyl site

or a deuteron from the hydroxyl site,

HCOOD2+ → H+ + DCO2
+ (8)

→ D+ + HCO2
+. (9)

All the other dissociation channels of HCOOD (deoxy-
genation, water formation, and hydrogen formation) contain
both hydrogen and deuterium atoms on the same fragment,

HCOOD2+ → O+ + HDCO+ (10)

→ HDO+ + CO+ (11)

→ HD+ + CO2
+. (12)

Thus, Eqs. (10)–(12) may result in isotopic differences from
the analogous HCOOH cases but will not yield site specificity
as it does for the hydroxyl formation or deprotonation chan-
nels. The deuterated water [Eq. (11)] and hydrogen formation
[Eq. (12)] channels offer an opportunity to see whether the
mass difference influences the bond-rearrangement processes.

The measured two-body branching ratios from double ion-
ization are shown in Table I. The branching ratio is defined as
the yield of the listed dissociation channel divided by the sum
of all the observed two-body dissociation channels associated
with double ionization from that specific isotopologue. Pos-
sible two-body dissociation channels (e.g., C+ + H2O2

+) that
are not listed in Table I were not observed in this experiment.

A. Hydroxyl formation

Hydroxyl formation is the most likely two-body disso-
ciative double-ionization process. Deuterium tagging further
characterizes this process, indicating that formation of a hy-
droxyl ion by simple bond cleavage [Eq. (6)] is the most
common path to this final state. The sum of the branching
ratio for the two hydroxyl formation channels from HCOOD,
Eqs. (6) and (7), is 77.0% ± 2.6%, in good agreement with
the HCOOH branching ratio of 77.1% ± 2.4% for hydroxyl
formation, which necessarily contains all hydroxyl formation
channels. Simple cleavage of the hydroxyl group from the re-
maining portion of the molecule is ∼15 times more likely than
OH+ formation involving the carboxyl hydrogen [Eq. (7)], in-
dicating a propensity for the hydroxyl group to remain intact.
Still, bond rearrangement in the hydroxyl formation processes
associating an oxygen and the carboxyl hydrogen [Eq. (7)]
occurs about 6.5% of the time when a hydroxyl ion is formed
in two-body dissociation. This is the third-largest two-body
channel observed in the HCOOD experiment. Furthermore,
the isotopic purity of the commercial HCOOD sample is
>98.7%, so in the worst case the measured level of the
OH+ + DCO+ channel is 5 times the maximum contribution
that could be expected from contaminant DCOOH molecules.

The simple cleavage routes to hydroxyl formation [Eqs. (1)
and (6)] produce very similar KERs, as shown in Fig. 1. The
peak of the KER distribution near 6.2 eV is somewhat higher
than the 5.5-eV peak in the previous experiment of Wang et al.
[46]. In those experiments, the 100-fs pulse duration was kept
constant while the intensity was changed between 9.0 × 1013

and 2.4 × 1014 W/cm2 [46,47]. Since our peak intensity is
approximately an order of magnitude higher, it is possible that
some population of excited dication states occurs. Unfortu-
nately, as far as we are aware, the only calculated dication
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TABLE I. Branching ratios for two-body dissociation channels following double ionization of HCOOH and HCOOD. The equation num-
bers are listed to the right of the dissociation channel.

HCOOH HCOOD
HCOOH branching HCOOD branching

Process channel ratio (%) channel ratio (%)

Hydroxyl formation OH+ + HCO+ (1) 77.1 ± 2.4
OD+ + HCO+ (6) 72.3 ± 2.5
OH+ + DCO+ (7) 4.69 ± 0.57

Deprotonation H+ + HCO2
+ (2) 21.0 ± 2.3

H+ + DCO2
+ (8) 20.1 ± 2.2

D+ + HCO2
+ (9) 0.85 ± 0.11

Deoxygenation O+ + H2CO+ (3) 1.12 ± 0.14
O+ + HDCO+ (10) 1.34 ± 0.17

Water formation H2O+ + CO+ (4) 0.644 ± 0.083
HDO+ + CO+ (11) 0.632 ± 0.080

Hydrogen formation H2
+ + CO2

+ (5) 0.124 ± 0.016
HD+ + CO2

+ (12) 0.096 ± 0.013

potentials available [47] examine only a specific reaction co-
ordinate originating from the triplet ground state of HCOOH
and leading to a different dissociation limit. An estimation of
the KER distributions would need calculations of the energies
in the Franck-Condon region relative to the dissociation limits
for the states involved. We note, however, that the increase in
intensity from 9.0 × 1013 to 2.4 × 1014 W/cm2 did not mod-
ify the OH+ + HCO+ KER distribution in the experiments
of Wang et al. [46]. Furthermore, while the peak intensity
in our experiment was 2 × 1015 W/cm2, the higher-intensity
region of the focal volume is probably the source of the three-
and four-body fragmentation in our data. The region of the
focal volume producing the two-body double ionization could
be at an intensity roughly similar to the conditions reported
by Wang et al. [46,47]. Thus, a plausible explanation for the
higher KER in the present experiment is that the shorter 25-fs
pulse duration does not allow the C-OH bond to stretch as
far in the field prior to ionization, as has been seen in other
molecules [56–58].

As shown in Fig. 1, the bond-rearrangement OH+ +
DCO+ channel has a lower KER than the more commonly
occurring OD+ + HCO+ dissociation [Eq. (6)]. Closer in-
spection of the KER distribution for the OH+ + DCO+
channel [Eq. (7)] shows that it is likely that there are multiple
contributions to this channel. The sum of two Gaussian-
shaped curves fits the measured data reasonably well. The
peaks of the two curves are at 4.4 and 5.6 eV. The sep-
aration suggests that hydroxyl-forming bond rearrangement
connecting an oxygen to the carboxyl hydrogen might occur
via two different reaction processes. In fact, there are at least
two possible routes that could contribute to a OH+ + DCO+
final state [Eq. (7)]. In one scenario, the carboxyl hydrogen
migrates to form an OH+ ion with the oxygen atom that was
initially double bonded to the carbon atom. In the other sce-
nario, the hydrogen atoms exchange sites, or scramble [17],
prior to cleavage of the hydroxyl group. Note that our data
do not differentiate between the propagation of nuclear wave
packets on multiple potential-energy surfaces and the bifurca-
tion of a wave packet on a single potential-energy surface.

B. Deprotonation

When deuterium tagging is used to determine which proton
is removed in the HCOOH2+ → H+ + HCO2

+ deprotona-
tion process [Eq. (2)], we find that the carboxyl hydrogen
is much more likely (∼30:1) to be separated than the hy-
droxyl hydrogen. The sum of the branching ratio for the two
deprotonation channels from HCOOD is 20.1% ± 2.2%, in
agreement with the branching ratio measured for deprotona-
tion of HCOOH, 21.0% ± 2.3%. The deprotonations of the
carboxyl proton in both isotopologues [Eqs. (2) and (8)] have
nearly identical KERs peaked around 5.4 eV, while deproto-
nation of the hydroxyl deuteron [Eq. (9)] occurs with a KER
peaked 0.8 eV lower, as illustrated in Fig. 3.

FIG. 3. Normalized yield as a function of KER for deprotona-
tion processes leading to H+ + HCO2

+ [Eq. (2); red circles], H+ +
DCO2

+ [Eq. (8); blue squares], and D+ + HCO2
+ [Eq. (9); green

triangles]. The normalization sets the integral of the KER distribution
to 1 for each channel.
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The results from the deprotonation and hydroxyl formation
channels explored with deuterium tagging indicate that the
OH+ group is most likely to remain intact following double
ionization. Specifically, either the formation of OH+ with
the carboxyl hydrogen [Eq. (7)] or the dissociation of the
hydroxyl proton from the rest of the molecular ion is relatively
small compared to a process that leaves the original OH group
intact. In addition, the KERs of dissociation channels that do
not involve an intact OH+ [Eqs. (6) and (9)] are markedly
different than those of the analogous channels containing the
intact OH+.

C. Water formation

Formation of water ions from the formic-acid dication,
i.e., HCOOH2+ → H2O+ + CO+ [Eq. (4)], involves mul-
tiple bond cleavages and subsequent bond formation. This
channel is approximately 5–6 times more likely to occur than
bond rearrangement leading to H2

+ formation. For both of
these reasons, HCOOH2+ → H2O+ + CO+ [Eq. (4)] was
examined previously from both experimental and theoreti-
cal perspectives [47]. In that previous work, Wang et al.
suggested a two-step process proceeding from the triplet state
of the dication. First, the hydrogen atom migrates from the
carboxyl site to the hydroxyl site and overcomes the 2.29 eV
of the transition state. Second, dissociation to H2O+ + CO+

occurs following some evolution to a second transition state.
They predicted a KER of 4.96 eV for this process, in good
agreement with their experimental KER distribution that was
peaked at 4.8 eV [47]. Analogous hydrogen migrations in
other dications have been linked to similar processes in
small polyatomic molecules exposed to intense laser pulses
[5,6,30,31,35,36,39].

As indicated in Table I, the branching ratio for HDO+ +
CO+ [Eq. (11)] is very similar to the branching ratio
for H2O+ + CO+ [Eq. (4)], suggesting no isotopic depen-
dence. We compare the measured KER distributions of
HCOOH2+ → H2O+ + CO+ [Eq. (4)] and HCOOD2+ →
HDO+ + CO+ [Eq. (11)] in Fig. 4(a). While the two KER
distributions are very similar, the peak of the distributions near
5.6 eV is higher, by about 0.8 eV, than what was observed by
Wang et al. [47]. The trend toward higher KER as a function
of intensity is consistent with the increase in the location of
the most probable KER value in their data as the intensity
increases [47].

D. Hydrogen formation

Hydrogen migration leading to HCOOH2+ → H+
2 +

CO2
+ [Eq. (5)] formation is the smallest of the two-body

breakup channels following double ionization. Within the
statistics of our measurement, the branching ratios for H2

+ +
CO2

+ [Eq. (5)] and HD+ + CO2
+ [Eq. (12)] are the same,

again indicating a lack of any significant isotopic effect.
A possible explanation for the relative branching ratios of
H2

+ and H2O+ is a sequential process which begins with
the carboxyl hydrogen migrating to the hydroxyl side of the
molecule. At that point dissociation to H2O+ may occur, or
in a less likely scenario, the carboxyl hydrogen captures only
the proton from the hydroxyl group. The observation that the

FIG. 4. Normalized yield as a function of KER for two-body
breakup channels that involve bond rearrangement. (a) Water for-
mation channels H2O+ + CO+ [red circles; Eq. (4)] and HDO+ +
CO+ [blue squares; Eq. (11)]. (b) Hydrogen formation channels
H2

+ + CO2
+ [red circles; Eq. (5)] and HD+ + CO2

+ [blue squares;
Eq. (12)]. As in the other figures, the normalization sets the integral
of each KER distribution to 1.

formation of H2
+ (HD+) is less likely than the formation of

H2O+ (HDO+) is consistent with the idea, discussed above,
that the hydroxyl ion is more likely to remain intact than
the hydroxyl hydrogen atom is to move independently. In
addition, we observe that the KER distributions for both hy-
drogen formation channels [Eqs. (5) and (12)] are similar, as
shown in Fig. 4(b), further supporting the idea that both of the
bond-rearrangement channels are initiated by the migration of
the carboxyl hydrogen.

E. Deoxygenation

The HCOOH2+ → O+ + H2CO+ deoxygenation process
[Eq. (3)] is interesting since there are two scenarios that could
lead to these final products. In one scenario, the double bond
between the carbon and lone oxygen is broken, and dissocia-
tion of the oxygen follows. The other scenario involves more
complex dynamics beginning with the hydroxyl hydrogen mi-
grating to the carboxyl site and a subsequent dissociation of
the C-O single bond. Wang et al. [46] observed this deoxy-
genation channel and concluded that the dissociation of the
double bond was the more likely pathway [47].

In contrast to the single peak KER distribution centered at
∼4 eV with a width of about 1.8 eV reported in Ref. [47],
the KER distributions we measured have a more complex
structure. Figure 5 shows the KER distributions for both the
O+ + H2CO+ [Eq. (3)] and O+ + HDCO+ [Eq. (10)] disso-
ciation channels along with corresponding two-Gaussian fits
of each channel. The two-Gaussian fit models the data well
in both cases. The peaks of the lower-energy components in
our fits are at 4.0 eV for O+ + HDCO+ [Eq. (10)] and 4.1 eV
for O+ + H2CO+ [Eq. (3)]. Both of these peaks are similar to
the peak of the KER distribution observed for this channel
with 100-fs, 0.9 × 1014 and 2.4 × 1014 W/cm2 pulses by
Wang et al. [47]. The higher KER peak, centered near
5.1 eV in the deoxygenation channels of both isotopologues,
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FIG. 5. Normalized yield of the deoxygenation channels as a
function of KER for the O+ + H2CO+ (red circles) and O+ +
HDCO+ (blue squares) dissociation channels. Both KER distri-
butions are fit with the sum of two Gaussian curves, where the
individual Gaussian curves are shown by the red dash-dotted and blue
dashed lines for O+ + H2CO+ and O+ + HDCO+, respectively. The
centers of the component Gaussian curves are found to be at 4.1 and
5.1 eV for O+ + H2CO+ and at 4.0 and 5.1 eV for O+ + HDCO+.
The thick solid lines are the sum of the two Gaussian curves.

however, is an additional feature that occurs in our measure-
ments due to the increased intensity and/or the shorter pulse
duration. Since the migration of the hydroxyl hydrogen, the
initial step in the second pathway described above, is essen-
tially the inverse of the hydrogen migration that is thought
to begin the process leading to the observed H2O+ formation
[Eqs. (4) and (11)], it is possible that this second pathway is
also active. The peak and width of the KER distributions for
water formation [Eqs. (4) and (11)], shown in Fig. 4(a), are
similar to the higher-energy component of the O+ + H2CO+

KER distribution shown in Fig. 5. As discussed in the Ap-
pendix, the angular distributions of the water formation and
deoxygenation channels also show some similarities. Interest-
ingly, the higher-energy component seems more prevalent for
the O+ + HDCO+ channel [Eq. (10)] than for O+ + H2CO+

[Eq. (3)]. This speculation about the origin of the higher-
energy KER component in the deoxygenation channels may
serve as a guide for future theoretical investigations.

IV. SUMMARY

Using a COLTRIMS coincidence momentum imaging
technique, we have measured the branching ratio and three-
dimensional momentum distributions of two-body breakup
channels resulting from dissociative double ionization of
formic acid by ultrashort intense laser pulses. By using deu-
terium tagging to differentiate the hydroxyl and carboxyl
hydrogen atoms, we observed a clear preference for the OH
(OD) structure to remain intact. When the O-H hydroxyl
structure is separated, the KER is reduced compared to chan-
nels with analogous final products that keep the hydroxyl

group together. While deuterium tagging was useful for gain-
ing additional insight into the roles of the hydroxyl and
carboxyl hydrogen atoms, we did not observe statistically
significant isotopic differences between analogous HCOOH
and HCOOD dissociation channels under our experimental
conditions. The hydroxyl formation, HCOOD2+ → OH+ +
DCO+, and deoxygenation, HCOOH2+ → O+ + H2CO+,
channels showed indications that they are formed by more
than one pathway, making them interesting candidates for fu-
ture study. We hope that this collection of results will motivate
theoretical investigations exploring the bond rearrangement
and fragmentation dynamics.
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APPENDIX: ANGULAR DISTRIBUTIONS

In addition to the KER data presented above, we obtain the
angular distribution of the fragment ions relative to the polar-
ization direction from the COLTRIMS measurement. Angular
distributions can provide stringent tests for theoretical stud-
ies of fragmentation dynamics (e.g., Refs. [59–61]), so we
include these experimental results here.

Angular distributions from photoionization have tradition-
ally been characterized using the anisotropy parameters βn

[62,63], where

W (cos θ ) = W0

4π

(
1 +

∑
n>0

βnPn(cos θ )

)
(A1)

is the angular distribution, Pn(cos θ ) are the Legendre polyno-
mials in cos θ , and θ is the angle between the direction of the
less massive fragment in the ion pair and the laser polarization
direction. Due to the symmetry in the dissociation processes
relative to the linear polarization of the laser, only the even
βn terms contribute to the sum in Eq. (A1). The results of
these fits are summarized in Table II and shown in Figs. 6–9.
The W0 term is a constant, so a fit with all βn = 0 represents
an isotropic angular distribution. The need for higher-order
coefficients β2, β4, . . . , βn as fit parameters indicates that the
distribution is more strongly peaked along the polarization
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TABLE II. The anisotropy parameters βn [see Eq. (A1)] obtained
by fitting the probability of dissociative double ionization leading to
two-body breakup of HCOOH or HCOOD as a function of cos θ . The
fitting function always included up to β8, but the table shows only
the statistically significant βn parameters. The equation numbers are
listed to the right of each dissociation channel. For consistency, the
βn fits were obtained using the full KER range of each channel.

Dissociation
channel β2 β4

OH+ + HCO+ (1) 0.519 ± 0.019 0.0801 ± 0.025
OD+ + HCO+ (6) 0.570 ± 0.015 0.0585 ± 0.021
OH+ + DCO+ (7) 1.05 ± 0.028 0.426 ± 0.037
H+ + HCO2

+ (2) 0.450 ± 0.016 0.0773 ± 0.021
H+ + DCO2

+ (8) 0.371 ± 0.009 0.0546 ± 0.012
D+ + HCO2

+ (9) 0.195 ± 0.044
O+ + H2CO+ (3) 0.863 ± 0.024 0.319 ± 0.033
O+ + HDCO+ (10) 0.987 ± 0.046 0.340 ± 0.061
H2O+ + CO+ (4) 0.883 ± 0.052 0.301 ± 0.070
HDO+ + CO+ (11) 0.962 ± 0.058 0.402 ± 0.078
H2

+ + CO2
+ (5) 0.345 ± 0.055

HD+ + CO2
+ (12) 0.45 ± 0.11

direction and thus needs to be characterized with higher-order
Legendre polynomials.

In principle, assuming that rotation during and after disso-
ciation can be neglected, i.e., the axial-recoil approximation is
valid, the anisotropy parameters can be used to deduce infor-
mation about the dication state(s) contributing to a particular
dissociation channel [64]. This type of analysis, however, is
most effective when combined with other information, such
as KER, photoelectron spectra, and potential-energy surfaces.
While that sort of effort is beyond the scope of this article, the
angular distributions reported here can illuminate possibilities
for more detailed future work.

In Fig. 6 we show the angular distribution for hydroxyl
formation [Eqs. (1), (6), and (7)] as a function of cos θ .
It is readily apparent that the hydroxyl formation leads to
fragments that preferentially lie along the laser polarization
direction. The similarity of the simple cleavage channels
[Eqs. (1) and (6)] extends to their angular distributions, both
shown in Fig. 6(a).

Figure 6(b), however, reveals that formation of a hydroxyl
ion via a bond-rearrangement process [Eq. (7)] results in OH+

fragments that are more likely to be emitted along the laser
polarization than the simple cleavage channels [Eqs. (1) and
(6)]. If the hydrogen migrates to the lone oxygen, the subse-
quent weakening of the C-O bond could cause relatively rapid
dissociation into OH+ + DCO+. In this case, the emission of
OH+ + DCO+ along the laser polarization is not surprising.
On the other hand, if a H/D exchange is followed by a
cleavage of the hydroxyl group, the H/D exchange process
would presumably take more time than a simple cleavage of
the C-O bond leading to OD+ formation from the HCOOD
target [Eq. (6)]. In this H/D exchange scenario, one would
expect the bond-rearrangement photofragments [Eq. (7)] to
be less tightly centered around the laser polarization than the
photofragments from simple cleavage [Eq. (6)], the opposite
of our results. The observed angular distributions might there-

FIG. 6. The normalized yield of the hydroxyl formation chan-
nels as a function of cos θ , where θ is the angle between the
lighter fragment ion and the laser polarization direction. Each
channel is normalized so the integral of the angular distribution
is 1. The statistical uncertainty of these channels is less than
the symbol size. (a) OH+ (red circles) and OD+ (blue squares)
fragments from HCOOH2+ → OH+ + HCO+ and HCOOD2+ →
OD+ + HCO+, respectively. (b) The same plot for OH+ fragments
from HCOOD2+ → OH+ + DCO+. These data are mirrored about
cos θ = 0 as described in Sec. II. (c) The HCOOD2+ → OH+ +
DCO+ angular distributions for KER ranges of 4.4 ± 0.2 eV (violet
circles) and 5.6 ± 0.2 eV (olive squares). In each plot, the solid lines
represent the fit of Eq. (A1) to the data. The fitting parameters are
listed in Table II.

fore suggest hydrogen migration to the lone oxygen is more
likely than the H/D exchange. Alternatively, the two pro-
cesses might not occur on the same potential-energy surface,
and thus, the angular distributions of the final states could
primarily depend on the ionization step.

Moreover, the KER analysis described in Sec. III A sug-
gested that there are two components in the KER distribution
for hydroxyl formation [Eq. (7)], further suggesting that more
than one pathway may be active. In Fig. 6(c), we separate
the HCOOD2+ → OH+ + DCO+ angular distributions into
two regions for KER values within ±0.2 eV of both a KER
of 4.4 eV and a KER of 5.6 eV. These KER values are the
maxima of the two-component KER fit, as denoted by the
lines in Fig. 2(b). The angular distributions obtained from
these two KER windows are very similar.

Figures 7(a) and 7(b) show the angular distributions of
all three deprotonation channels [Eqs. (2), (8), and (9)]. The
angular distributions of the carboxyl deprotonation channels
are similar to each other. The angular distribution of the
D+ channel [Eq. (9)], displayed in Fig. 7(a), is less aligned
along the laser polarization than the angular distributions of
carboxyl deprotonation channel [Eq. (8)] and the combined
deprotonation channel [Eq. (2)], shown in Fig. 7(b). These an-
gular distributions can provide guidance to future theoretical
models.
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FIG. 7. (a) The normalized yield as a function of cos θ for D+ +
HCO2

+, the removal of the hydroxyl proton. When no error bars
are shown, the statistical error is less than the symbol size. (b) The
normalized yield as a function of cos θ for the H+ + HCO2

+ (red
squares) and H+ + DCO2

+ (blue circles) deprotonation channels in-
volving the removal of the carboxyl proton. The solid lines in (a) and
(b) represent fits of Eq. (A1) to the data. The associated anisotropy
parameters are listed in Table II.

As shown in Figs. 8(a) and 8(b), the angular distributions
of the water formation channels [Eqs. (4) and (11)] do not
show any significant isotopic effects. The fitted anisotropy pa-
rameters, listed in Table II, quantify this statement. Similarly,

FIG. 8. Left: Normalized yields of water formation as a function
of cos θ for (a) H2O+ [Eq. (4)] and (b) HDO+ [Eq. (11)]. Right:
Normalized yields for (c) H2

+ [Eq. (5)] and (d) HD+ formation
[Eq. (12)] as a function of cos θ . In each panel, the solid line shows
the fit of the data to Eq. (A1), with the fitting parameters listed in
Table II. The water formation angular distributions are obtained by
reflecting the data about cos θ = 0.

FIG. 9. (a) The number of HCOOH2+ → O+ + H2CO+ deoxy-
genation events [Eq. (3)] as a function of KER and cosθ . The dashed
vertical lines indicate the center of the regions used to construct
the angular distributions shown in the (b) and (c). (b) Normalized
yield of deoxygenation [Eq. (3)] as a function of cos θ for KER
within the range 4.1 ± 0.2 eV. (c) The same plot, except for the
higher 5.1 ± 0.2 eV KER range. All of these angular distributions
are obtained by reflecting the data about cos θ = 0. In each plot, the
solid line represents the fit of the data to Eq. (A1).

Figs. 8(c) and 8(d) show that the angular distribution of the
H2

+ fragments is essentially similar to the angular distribution
of the HD+ fragments under these experimental conditions.

Unlike hydroxyl formation via HCOOD2+ → OH+ +
DCO+ [Eq. (7)], for which the angular distributions from the
different components of the KER distribution are very similar
(Fig. 6), the different KER components of the deoxygena-
tion channels show different angular behavior. Figure 9(a)
presents the distribution of HCOOH2+ → O+ + H2CO+

events [Eq. (3)] as a function of KER and cos θ . From this
visualization, it is clear that the number of events that are
recorded around cos θ = 0 falls off as the KER increases.

The propensity of the higher-KER O+ fragments to be
aligned with the polarization axis is quantified using projec-
tions, plotted in Figs. 9(b) and 9(c), from a ±0.2-eV window
around the maxima of the two-component KER fit shown
in Fig. 5. To quantify the difference in angular distributions
from the two regions of the O+ + H2CO+ (O+ + HDCO+)
KER distribution, the βn parameters are obtained using data

TABLE III. The anisotropy parameters βn [see Eq. (A1)] ob-
tained by fitting the probability of O+ + H2CO+ [Eq. (3)] or O+ +
HDCO+ [Eq. (10)] double-ionization events within the indicated
KER window as a function of cos θ . The fitting function always
included up to β8, but only the statistically significant βn parameters
are shown.

Parent KER window
molecule (eV) β2 β4

HCOOH 4.1 ± 0.2 0.521 ± 0.026 0.213 ± 0.028
HCOOH 5.1 ± 0.2 1.32 ± 0.07 0.248 ± 0.047
HCOOD 4.0 ± 0.2 0.554 ± 0.060 0.317 ± 0.056
HCOOD 5.1 ± 0.2 1.28 ± 0.08 0.039 ± 0.055
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restricted to the KER windows shown in Fig. 9 and are re-
ported in Table III.

The parameters of the angular fits, shown in Table III,
verify that there is a significant difference between the an-
gular distribution of the O+ fragments in these two KER
regions. The β2 parameters from the higher-KER deoxygena-
tion channels seem to most resemble water formation and the
bond-rearrangement route to hydroxyl formation [Eq. (7)].
In addition, while the two components of the O+ KER
distribution are more clearly visible from the HCOOH par-

ent molecule, the KER-window-specific angular distributions
arising from the HCOOH and HCOOD isotopologues are
similar.

A general remark about the hydrogen migration and
bond-rearrangement channels in formic acid is that they are
more strongly peaked along cos θ = ±1 than some similar
processes in other small molecules, such as H3

+ forma-
tion from methanol [35,39] or vinylidenelike dissociation of
acetylene (C2H2+

2 → CH+
2 + C+) [10,65] following double

ionization.
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