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Formation of Negative Ions upon Irradiation of Molecules by Intense Laser Fields
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(Received 21 November 1997)

Time-of-flight experiments reveal a hitherto unsuspected channel leading to negative-ion formation
when molecules interact with intense laser fields. Dissociative attachment by low-energy electron
produced in such interactions, and accelerated by the ponderomotive potential, produces anions who
yield depends on laser intensity. The dissociative attachment pattern is dramatically different from
that obtained by low-energy electron impact. Angular distribution measurements show that the lase
field spatially aligns triatomic precursors (CS2

2 , CO2
2 ) along the direction of the polarization vector.
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In the course of multiphoton ionization (MPI) of a mole
cule by strong, linearly polarized, laser fields, an electro
wave packet is formed each time the oscillating light fiel
passes its maximum value. Within the first laser perio
after initial electron ejection from the molecule, the evo
lution of the wave packet is such that there is a fini
probability of the electron returning to the vicinity of the
molecular core and undergoing an inelastic collision [1
Experiments show that such “rescattering” gives rise
new nonlinear processes and dynamics which have
analog in weak-field, or zero-field, situations: ejection o
further electrons from the molecular core at internucle
separations far from equilibrium (multiple ionization)
emission of high-energy photons (harmonic generatio
and formation of very-high-energy above-threshold ioniz
tion electrons are manifestations of such nonlinear effec
which can be observed in positive ion, photon and ele
tron channels, respectively. These strong-field-molecu
interaction effects continue to attract considerable conte
porary interest [2].

The formation of negative ions upon irradiation o
molecules by intense laser fields has remained an u
explored facet of the physics of strong-field MPI. I
is the purpose of this Letter to report results of ex
periments which probe the role played by low-energ
electrons created in the MPI process on the dynamic
evolution of the plasma formed in strong-field-molecul
interactions. Do such “prescattered” electrons give rise
negative-ion formation when molecules are subjected
strong light fields? The results of our experiments offe
indications that upon acceleration of MPI electrons du
to the ponderomotive potential, dissociative attachme
readily occurs to molecules such as CO2, CS2, and O2.
The laser intensities used in our experiments (7 3 1012 –
1 3 1014 W cm22) correspond to ponderomotive poten
tials (Up) of 0.5–8 V. Electron energies correspondin
to this range ofUp have a high propensity for dissocia-
tive attachment (DA) to molecules and it is somewha
surprising that the negative-ion formation channel ha
been hitherto ignored in all considerations of strong-field
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molecule interactions. We have measured negative
mass spectra at different laser intensities for CO2, CS2,
and O2 molecules. Negative ions of all these specie
are formed, which subsequently fragment; the fragme
tation patterns differ from those obtained in low-energ
electron-impact DA experiments. Angular distribution
of negatively charged fragments are also measured a
manifest the spatial alignment of triatomic negative-io
precursors along the laser’s polarization axis.

Experiments on these hitherto unexplored chann
were conducted using 35 ps laser pulses (of peak inten
1012 –1014 W cm22 and wavelength of 1064 nm) which
were focused to a spot size of,20 m m where they in-
teracted with low-density (#109 cm23) gaseous targets.
Negative ion mass spectra were obtained using a lin
time-of-flight (TOF) mass spectrometer whose axis w
aligned parallel to the laser’s polarization vector. Ion d
tection was by a channel electron multiplier coupled, v
fast pulse electronics, to a digital oscilloscope. Angul
distributions of the negative ions were measured by r
tating the polarization direction of the incident laser fiel
with respect to the TOF axis; a combination of halfwav
plate and linear polarizer was used to obtain the desir
polarization at constant intensity. The polarization dire
tion was rotated in steps of 10±.

We first focus attention on the morphological features
the data that have been obtained. Figure 1 shows a typ
negative-ion mass spectrum obtained when CS2 was irra-
diated with a laser intensity of3.5 3 1013 W cm22; also
shown is the variation in the fragment ion pattern as a fun
tion of laser intensity. We note the following features o
the data before discussing the implications:

(i) The relative intensities of the negative ions ar
very different from those obtained by electron-impact (E
where the S2 signal dominates the anion mass spectru
for electron energies up to 40 eV [3]; the CS2 ion,
whose relative intensity drops very rapidly with increasin
electron energy in EI experiments, continues to be t
dominant anion over the entire energy range in the pres
experiments. Such differences may be manifestations
© 1998 The American Physical Society
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FIG. 1. (a) Anion mass spectrum obtained when CS2 was ir-
radiated by 1064-nm, 35-ps-wide laser pulses of peak intens
3.5 3 1013 W cm22. (b) Variation of the ratio of specific anion
yields to total anion yield (S) with laser intensity.

field-induced distortions of the potential energy function
of the precursor CS22 state. In the absence of quantum
chemical computations of potential surfaces in inten
fields, quantitative analysis of such differences is n
possible, but it is of interest to note that calculations o
positively charged polyatomics have offered tantalizin
evidence of gross distortions of electronic charge clou
in the presence of strong external fields [4]. Suc
electronic distortions would also be expected to defor
the CS2

2 potential energy surface such that the branchi
ratios for dissociation into different fragment anions
different to that obtained in zero-field (EI) conditions.

(ii) The variation of anion signal with laser intensity
[Fig. 1(b)] reveals that all the fragments have the sam
threshold, corresponding toUp , 1 V. This finding is
also at variance with EI results where (a) the appearan
threshold of each fragment reflects the vertical electr
affinity of the electronic state of the precursor anio
and (b) the relative intensities vary in consonance wi
different functional dependences of the DA cross secti
on electron energy. The common threshold indicates t
the same CS22 potential surface may be the precursor fo
all three anion fragments, with approximate branchin
ratios of 0.6, 0.2, and 0.2 for formation of CS2, S2,
and S2

2 , respectively, over the range of laser intensitie
employed in the present studies. On the basis of
high degree of reproducibility we draw attention to th
intriguing indication offered by data shown in Fig. 1(b
that the variation with laser intensity of the ratio of S2 and
S2

2 to the total anion production might be in “antiphase.”
(iii) EI experiments have established that the variatio

of CS2 and S2 signals with electron energy is sharp in
the 1–10 eV range [3] with an onset of broad, featurele
signals at energies in excess of,12 eV. The sharp
ity:
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peaks observed in EI experiments are consistent with
resonant nature of the DA process, whereas the high
energy signals are attributed to formation of anion-catio
pairs. Figure 2 shows the variation of CS2 and S2 signals
with laser intensity in the present experiments, and gro
differences with EI data are again noted. EI data [3]
the electron energy range 1–8 eV show sharp S2 peaks
at 3.6, 6.2, and 7.7 eV, with cross sections (in units
10220 cm22) of 35, 23, and 5, respectively. For CS2, EI
data show a single peak at 6.2 eV, with a cross sect
which is 30% of that for the S2 peak at the same energy
In contrast, four structures were observed in the pres
experiments for both anions. As noted above, the CS2

yield was more than double that of S2 almost over the
entire range ofUp. Furthermore,no signals were obtained
at laser intensities corresponding toUp values higher
than 7 V. Coincidence measurements were conducted
formation of CS2-S2 pairs; no evidence was found for
CS22

2 precursors.
We have already noted that the negative-ion fragme

produced from CS2 have a common threshold as fa
as laser intensity is concerned. The same CS2

2 state is
evidently responsible for the subsequent dynamics as
common threshold precludes the possibility of anio
cation pair formation. Such formation is also inconsi
tent with the variation we measured of anion signals wi
laser intensity and gas pressure. We conducted meas
ments on diatomic O2 and our results show the formation
of O2 with no concomitant formation of O1 ions, at least
over the range of laser intensities available in the pres
study. This is the most explicit evidence that cation-anio

FIG. 2. (a) Variation of anion yields with the ponderomotiv
potential, Up. In these experiments, 1 mJ of laser intensit
was equivalent to a value ofUp of 0.146 V. (b) Schematic
depiction of laser pulses with different values of peak intens
(Ip). Isat denotes the saturation intensity of CS1

2 (see text).
3221
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pairs are not formed. Field-induced fragmentation of th
neutral molecules followed by electron attachment to fra
ment species is a scenario which is also inconsistent w
the common threshold. So, how is the CS2

2 precursor
formed? In our experiments anions were formed at las
intensities which lay both below as well as above the sat
ration intensity (Isat) of CS2. We recall thatIsat is that in-
tensity at whichall molecules exposed to the intense lase
field become ionized. Consequently, at intensities grea
than Isat (9 3 1012 W cm22 for CS1

2 ) the laser field in-
teracts exclusively with ionized species. Under suc
circumstances, anion formation can occur only if one po
tulates a double electron attachment process of the ty
field 1 CS1

2 ! CS2
2 ! anion fragments. Simple ener-

getic considerations rule out such processes; we sugg
the following mechanism for anion formation: Ionization
of neutral molecules is induced by the laser field, at in
tensities above as well as belowIsat. The slow, ejected
electrons are accelerated by the ponderomotive poten
(Up) whose magnitude depends upon the time-depend
laser intensity. Values ofUp shown in Fig. 2(a) per-
tain to the peak laser pulse intensity (Ip). For Ip , Isat,
low-energy electrons interact with neutral molecules an
dissociative attachment, in view of large cross section
occurs with high probability. As depicted in Fig. 2(b),
whenIp , Isat, the rising edge of the laser pulse will still
produce low-energy electrons, and there will still be les
than 100% ionization of the target species. Dissociativ
attachment to neutral CS2 will still be possible. Once the
parent anion species is formed, it dissociates along t
field-distorted potential energy surface, giving rise to dif
ferent fragment anions whose apparent threshold (in ter
of laser intensity) is determined solely by the thresho
for formation of the precursor anion. ForIp ¿ Isat, al-
though electrons may still be ejected at the rising edge
the laser pulse,Isat values are also attained much earlie
in the time evolution of the laser pulse. Consequentl
by the time the MPI electrons are accelerated to sufficie
energy there are no neutral molecules left to be attach
to. In this scenario, anion formation is expected to hav
a maximum probability only at intermediate values ofIp ,
consistent with data depicted in Fig. 2(a).

The pattern of anion formation when CO2 is irradi-
ated with strong laser fields was also found to be dr
matically different from the EI case; Fig. 3 shows a
typical mass spectrum measured at a laser intensity
4 3 1013 W cm22. The O2 anion dominates but a dis-
tinct and highly reproducible signal was obtained whic
corresponded, unexpectedly, to CO2. It is well estab-
lished that CO2 has a negative electron affinity and, a
such, is not expected to be long lived enough to be o
served in a spectrometer in which ion transit times a
as long as microseconds. The observation of this ani
prompted an extensive series of careful measurements
mass-to-charge ratios in our TOF spectrometer, details
which will be presented elsewhere. Suffice it to state th
3222
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FIG. 3. (a) Anion mass spectrum obtained when CO2 was ir-
radiated by 1064-nm, 35-ps-wide laser pulses of peak intens
4 3 1013 W cm22. (b) Variation of the ratio of specific anion
yields to total anion yield (S) with laser intensity.

all tests which we performed confirmed our designati
of the second-most intense peak in the anion spectrum
CO2. Figure 3 also depicts how the ratios of O2 and
CO2 to the total anion signal vary with laser intensity; a
in the case of CS2, both anions formed from CO2 possess
the same threshold. However, the most significant diffe
ence is the observation of a small fraction of C2 ions (note
that C2 was not observed at all in measurements on CS2;
the C atom is geometrically central in both molecules).

Angular distributions of anions were also measured
the present study. By way of example, polar plots f
O2 ions obtained from CO2 and O2 are shown in Fig. 4
where the radial distance from the origin of each da
point is a measure of ion yield in a given angular dire
tion. The light pulses were elliptically polarized in thes
measurements; the degree of ellipticity is indicated in t
figure. A number of angular distribution measuremen
were made which, taken together, covered all four qua
rants in the angular range 0±–360± around the TOF axis.
As in other recent work reported from our laboratory [5
no difference was found in the shapes of the distributio
obtained in the different quadrants when the alignme
of the focused laser beam with the molecular target a
the TOF axis was perfect. The angular distribution da
depicted in Fig. 4 pertain to measurements made in
0±–90± quadrant; for clarity of presentation, we have ch
sen to reflect such single quadrant data over the 90±–360±

range. The anisotropy of the O2 signal from CO2 is de-
pendent on the vector properties of field-induced tran
tion moments associated with intermediate excited sta
of the precursor and their relation to the direction of th
major and minor laser polarization vectors. Distribution
of the form cosn u and sinn u result fromn-photon exci-
tations, producing major lobes at 0±, 180± and minor ones
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FIG. 4. Polar plot of the angular distributions of O2 from
CO2 and O2 using elliptically polarized laser pulses of peak
intensity: 4 3 1013 W cm22. The degree of ellipticity is
indicated.

at 90±, 270±; contributions from a cosu sin u type of an-
gular function result in lobes at,60±, 120±, 240±, and
300± (for a detailed discussion of such vector correlations
see [6,7]). Qualitatively, the data shown in Fig. 4 indi
cate that the strong laser field induces dipole moments
CO2 and that a torque is exerted on the initially randoml
oriented molecules such that the internuclear axes tend
spatially align along the laser’s field direction. Dissocia
tive attachment to such spatially aligned CO2 gives rise
to the anisotropic angular distribution of O2 fragments.
Figure 4 also shows the angular distribution of O2 anions
from O2. A high degree of isotropy is obtained. This in-
dicates that, in contrast to the CO2 case, the strong field
induces fragmentation of O2 prior to electron attachment
to each O atom.

We now consider the unusually long-lived CO2 frag-
ment observed in our experiments on CO2. It is per-
tinent to note that formation of long-lived CO2 anions
has also been recently discovered in a series of carefu
conducted experiments [8] on sputtering of TiAlN(C,O)
surfaces using 14.5 keV Cs1 ions. Production of highly
excited molecules in the transient, hot plasma formed
the course of sputtering has been proposed as the prer
uisite for the formation of CO2 ions. Production of a
transient, hot plasma also occurs in intense field expe
ments of the type we have conducted, and, by analog
formation of highly excited states of either CO2 or of
CO2

2 might possibly be a precursor to the long-lived CO2

anion. The high degree of electronic excitation of th
precursor would, as far as energetic considerations g
make the CO2 state bound with respect to it, notwith-
standing the negative electron affinity value (22.4 eV)
ascribed to this anion [9]. It is also possible that such a
,
-
in

y
to

-

lly

in
eq-

ri-
y,

e
o,

n

excited state possesses nearly linear geometry althou
intriguingly, our preliminaryab initio computations of the
geometry of low-lying doublet, quartet, and sextet stat
of CO2

2 and CS22 indicate nonlinear equilibrium structures
[10]. Recent calculations on isoelectronic N2

2 [11] have
shown that a quartet state of this anion also possesse
long lifetime. Energetic considerations rule out the po
sibility of CO2 being formed by two-electron attachmen
to CO1, and it would be of interest to explore whethe
three “equivalent” electrons around a positive-ion co
constitute a relatively stable configuration.

In summary, our experiments have revealed the ex
tence of a hitherto unsuspected channel leading to form
tion of negative ions in the interaction of intense las
fields with molecules. Dissociative attachment by low
energy electrons produced in the field-molecule inte
action is postulated to be responsible for such ani
formation. The anions are formed from a common precu
sor in each case; their yield is dependent on the laser int
sity and the overall fragmentation pattern is dramatica
different from that obtained in EI experiments. The forme
is due to variations in ponderomotive potential which a
celerates the low-energy electrons, and the latter is likely
be a reflection of the extent of field-induced distortions
anion potential energy surfaces. The laser field also s
tially aligns the precursor triatomic anions along the d
rection of the polarization vector. There are grounds
suggest that the precursor anions are formed in high
excited electronic states. The unusual DA pattern w
measure may also result from electron scattering fro
field-excited neutral molecules.
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