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Single and double ionization of diatomic molecules in strong laser fields
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Strong-field single ionization and double ionization of two diatomic moleculggrd N,, are studied and
compared to Xe and Ar, using an intense ultrashort pulse Ti:sapphire laser irkth@2to 8x 10 W/cn?
intensity range. B behaves like a structureless atom for both single and double ionization. The recently
reported suppression of the,Oion yield compared to X&is confirmed in our experiment, but we show that
the suppression is not due to dissociative recombination. Rather, we conclude that the ionization sage of O
below that predicted by tunneling ionization. We extend the study to the double ionizatiop afdXind a
distinctly reduced nonsequential double-ionization rate. We find evidence that electronic structure influences
strong-field tunneling ionization in molecules.
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PACS numbd(s): 33.80.Rv, 33.80.Wz, 42.50.Hz

Single-electron ionization of atoms in strong laser fieldster one-half cycle of the laser field and recombine with the
and related phenomena, such as above-threshold ionizatidon core to form an excited state of,@hat will dissociate
and high harmonic generation, are relatively well understoodnto two neutral oxygen atomglissociative recombination
[1,2]. The properties of double ionization are also well es-(DR)]. The effect of DR would be to reduce the Osignal
tablished even if the physical mechanism for nonsequentiaihile generating neutral atoms that are not typically mea-
double ionization(NSDI) still remains uncleaf3—5]. Tun-  sured in such experiments. The anomalous behavior,6f O
neling plays an important role in both single and doublewas further corroborated using frequency-resolved optical
strong-field ionization: in the tunneling regime, sequentialgating techniques with 800-nm and 400-nm radiafib].
ionization rates are well described by the Ammosov-Delone- In this paper, we present a comparative study of the single
Krainov (ADK) tunneling mode[6], and the NSDI rate can and double ionization of ) Ar, O,, and Xe with 800-nm,
be fit by a constant fraction of the first electron tunneling rateultrashort pulsg€30-fs) laser radiation, using both linear po-
[5,7). The ADK model even predicts threshold intensity into larization (LP) and circular polarizatiofCP). N, and Ar
the multiphoton regim¢8]. The model is relatively simple: have similar single and double ionization potentials,,(N
different atoms are only characterized by their ionization po15.58, and 27.12 eV, and Ar, 15.76 and 27.63;e®, and
tentiall, and the effective quantum numbers, and apparentlXe have nearly the same single ionization potential but
the details of the electronic structure are unimportant. Howsomewhat different double ionization potentials,(@2.06
ever, most of the atoms studied intensively with this modeland 24.14 eV; and Xe, 12.13 and 21.21)eWh comparing
are rare-gas atoms, which all have similar closed-shell eleaN, and Ar, we find that N behaves very much like a struc-
tronic structures. tureless rare-gas atom in single, double, and nonsequential

Molecules can potentially provide important tests of double ionization. Furthermore, the effects of molecular dis-
strong-field dynamics as even easily studied diatomic molsociation are found to be negligible in studying the single
ecules have a greater diversity of electronic structures. Howionization behavior. A similar comparison shows the dis-
ever, the extra degrees of freedom in a molecule could makerepancy in the ion yields between Xend Q" for both
such studies rather complicated. Fortunately, previous studinear and circular polarization, but we conclude that it does
ies have shown that many aspects of strong-field ionizatiomot result from dissociative recombination or any other dis-
of molecules are similar to those in atoms. For example, irsociative processes. Just as ig Missociation appears to be
the MPI regime, photoelectron spectroscopy of sfiowed  unimportant at this level. We extend the study to the double
atomiclike multiphoton resonance similar to Ar as well asionization of Q and find that, unlike Bl ion signals from the
details of the electronic structure ohbN[9]. Several simple metastable and dissociating states gf Chave different in-
molecules have been studied with 16y CO; laser radia-  tensity dependences and low NSDI rates. From this we con-
tion, and the ion yield curves were found to agree with theclude that electronic structure does in fact influence tunnel-
ADK model [10]. This implies that in the absence of vibra- ing ionization in molecules at least, and perhaps atoms. The
tional resonance with the GQaser, “simple” molecules are electronic structure effects were not appreciated before prob-
ionized through tunneling as if they were structureless atomably because only similar closed-shell atoms had been con-
with an ionization potential equal to that of the molecularsidered.
ground state. More recently, however, with 800-nm Ti:sap- The laser used to take the data is a Ti:sapphire system
phire laser radiation, £ was found to have a significantly running at a 1-kHz repetition rate, producing over 400
lower ion yield compared to Xe[11], although Xe has vir- pulse in 30-fs pulses with a center frequency of 800 nm
tually the same single-ionization potential ag @his obser- [13,14]. The laser pulses are focused with an on-axis para-
vation led to the hypothesis that while, Ois produced at the bolic mirror in a high-vacuum chambégbase pressure5
same intensity as Xe the ionized electron can rescatter af- x 10”1° torr). The ions are extracted by a dc field through a
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FIG. 2. Single- and double ionization yields fop &d Xe using

FIG. 1. Single- and double ionization yields fop Bind Ar using  linear polarization(LP). The full curves are the calculations based
linear polarizationLP) and circular polarizatiofCP). Calculations  on the ADK model using single and double ionization potentials of
based on the ADK model are shown by the full curves. Thé N Xe. The dashed curve fitting the,Ddata uses an ionization poten-
data are slightly reduced at the highest intensities due to detectdial of 15 eV.

saturation. . . .
cause of the extraction pinhole, the volume saturation does

3/2
1-mm-diam pinhole and are detected with a microchanne.rl10t follow the usuall™* dependency and approaches the

plate at the end of a time-of-fligff OF) mass spectrometer Intensity-selection-scanning limit.7]. One final experimej-rn-
[15]. The signal is further amplified and discriminated so thate.ll detal[ concerns thg posslble contamination of thé'0
the ions can be individually counted by a computer. TheSlgnal with thermal O ions (ions from Q molecular frag-

electron multiplier efficiency is approximately proportional mentat|+on_ are vyell separated n T}DFFn.deed,.a small 'gher-
to Z/MY2[16], whereZ is the charge anMl is the mass of mal O°* signal is seen at the highest intensity and gives an

the ion. This factor needs to be taken into account since Wg1d|cat|0n of the thermal O contamination. However, the

are comparing ions with different charges and masses. This 10°
digital counting system ensures linearity over a very large

dynamic range. The gas pressure is adjusted for different .

intensity ranges to keep the signal between *1Gand 10
10" counts/shot.

Absolute calibrations of both the laser intensity and the =107
overall detection efficiency are needed to draw important §
conclusions from the data. The intensity was calibrated by s 10°
fitting the Ar* LP ion yield to the ADK model. The rate was )
integrated over the measured pulse duration and focal vol- z 10°
ume. The adjustable parameters in the fit are the beam waist, £
detection efficiency, and extraction pinhole diameter, which S .
controls the spatial volume sampled. The absolute detection = 10
efficiency was independently measured to be 0.5—-1 % using gﬁ
correlation techniques. In this measurement, by monitoring = 107
one ion from a known molecular fragmentation pair, the g

probability of detecting the other ion gives a direct measure- 10
ment of the overall detection efficiency. The fitted detection
efficiency agrees with this measured value within a factor of
2. The absolute intensity based on fitting the' Aon yield
agreed with the intensity calculated from the measured
beam-spot size, pulse duration, and energy also to within a
factor of 2. All of the other ADK curvesFigs. 1-3 use the FIG. 3. Single- and double ionization yields fos &d Xe using
experimental parameters determined from thé AP data. circular polarizatio(CP). The full curves are the calculations based
As can be seen, the agreement for the Ar, Xe, apd®a is  on the ADK model using single and double ionization potentials of
excellent, except, of course, for the NSDI components. BeXe.

10" 10" , 10
Intensity [W/cm™]



RAPID COMMUNICATIONS

PRA 58 SINGLE- AND DOUBLE-IONIZATION OF DIATOMIC . .. R4273
10° 5 andX™ has saturated. The weak dependence of the ratio on
] o~ intensity in the range of 1210%“W/cn? to 3
o™ X 10" W/cn? reflects the nonsequential aspect of double
] -~ ionization. Finally, the ratios fall at an intensity below 1.2
104 - o x 10* W/cm?, where the multiphoton effects ' become
] S ® o significant. The rates for NSDI of Nand Ar are quite simi-
o0 o o &L lar. The overall similarity of single and double ionization
o 2 between N and Ar indicates that the Nunnel ionizes as if
, & - ) it were a structureless atom. Furthermore, the dissociation
« 1073 o ~ 5 o channels open to N and N?* do not appear to play a
‘F d.n'ﬂ: ':Eoooo significant role in strong-field ionization.
> [ & In agreement with the previous experiments mentioned
D“ﬁ P above, Fig. 2 shows that the,OLP ion yield is roughly ten
1074 o o . Ar times below Xé& in the unsaturated range of the data. The
] o TR o N, LP and CP data of Xefit the ADK model very well, imply-
°c = o Xe ing that the discrepancy between thg'@nd Xe" ion yields
o O, is not due to the enhancement of Xproduction, but truly a
10° — e suppression of the £ data. We consider five different pos-
10" 10" 10" sible reasons for this observation covering a wide range of

effects such as dissociative recombination, other dissociative
processes, the Stark shift of the ground state, accidental reso-
FIG. 4. Ratio curves of double/single ion yields are shown fornances, and electron localization:

N,, Ar, O, and Xe using linear polarizatiofi.P). (1) Dissociative recombination through rescattering has
been proposed to explain the suppression of thé €gnal

O?" signal is completely independent of the @ressure and [11] as discussed above. However, all rescattering phenom-

thus only comes from background gases, presumaby.H €na must exhibit a strong ellipticity dependence because in

Since the same must hold true for'Owe could directly ~CP laser light, the probability for the ionized electron return-

measure the Ocontamination over the entire intensity range ing to the ion core will be vanishingly small9]. As we now

with just the base pressure in the vacuum chamber. Its influshow in Fig. 3, the suppression of the,‘Osignal persists
ence on the data is negligible. with CP, ruling out DR as the major mechanism.

The ion yields of N* and N2* are very similar to Af (2) Other dissociation mechanisms must also be consid-

and AR" for both LP and CP over the entire intensity range€red. If Q" dissociates into O and O then, as above, the
(Fig. 1), as would be expected from a tunneling model de-O;" signal would be reduced. However, as seen in Fig. 2, the
pending only onl,. However, we must also consider the O signal is far too small to account for the suppression of
dissociation channels of the molecule. For single ionizationOz" - Even assuming £could dissociate through some pro-
the dissociation of B is found to be quite small and, thus, cess that does not have a strong ellipticity dependence, the
does not influence the N ion yield. Dissociation is more Vvolume saturation of the O data implies that all of the
significant for double ionization because thé NN* signal ~ available Q are ionized to @ and detected as such. This

is comparable to the metastablg?N signal. However, these fules out any dissociate process in the saturated region and
two signals have the same intensity dependence, in agre®e consider it unlikely that dissociation plays a significant
ment with Ref.[18], which implies that both M* and role even at low intensities.

N*+N* originate from the same molecular complex, and (3). Molecular pqlarlga}bll|t|e&x are generglly larger than
that the ionization dynamics are the same for both dissociatomic ones. Polarizability leads to a lowering of the energy
ing and metastable states, including NSDI. To be sensitive t8f the ground state through the Stark shift for any frequency
possible anomalies in NSDI we must be careful to choose _gel_ow _the first resonance. The Stark shift will increase the
model-free definition. Many properties could be used as d0nization potential of atoms and molecules, making them
signature of NSDI but most of them are based on a certaifi@rder to be ionized. Howevery, (4.04<10°** cn) is
model. An ellipticity dependence assumes that either NSDMUch larger thanag, (1.58<10 ?*cm), which would

is due to rescattering or has restrictive angular-momenturmake Xe harder to be ionized than, @ this is even a sig-
selection ruleg5]. Fitting the “knee” structure with a con- nificant factor.

stant ratio of the single tunneling-ionization rate assumes (4) The presence of any accidental electronic resonance in
that NSDI is due to a tunneling proce€s7]. However, the the molecule will enhance the,Ovyield rather than suppress
intensity dependence of the rati¥ */X* has been used to it.

indicate NSDI[5], where X" and X2* are the yields for (5) Electron localization in diatomic molecules at a criti-
single and double ionization of some atom or molecdle cal internuclear separation has been seen to greatly increase
Nonsequential dynamics are most fundamentally related tmnization rateg20] but, again, not to decrease them.

this ratio; if this ratio is only weakly dependent on intensity, Thus, in considering general differences between atoms
it shows that the precursor %&*" is not X*. In Fig. 4, the and molecules, we have found no effect that can explain the
ratios of N, and Ar approach the sequential ion yieldX#* suppression of the © signal. In order to characterize the
when the average intensity is higher thax B0'* W/cn?  anomaly, we find that the O ion yield can be fit reasonably

Intensity [W/cmz]
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well to an ADK rate if we use an ionization potential of 15 that the dissociating states are distinct from the metastable
eV. We note that this ionization potential falls between thestates and have different ionization dynamics. This differ-
two ionization limits of G, leading to theX andA state of ~ence requires further investigation, but thé ©0" signal
O,", 12.06 and 16 eV, respectively. appears to have an even smaller NSDI component.

Xe has the lowest second ionization potential of all of the In summary, we have compared the single and double
four gases that we studied and thus we cannot make a qual@nization of two molecules Nand Q. Both singly and
titative comparison between Xe and Q2" . However, the doubly ionized N behave like a structureless atom. The'O
double-ionization yield of Xe looks qualitatively likeind 10N Yield is below the tunneling rate, but this is not due to
Ar, although the NSDI rate is about five times higiEig. dISSQCIatlon. Furthermore, we f|n_d significantly different in-
4). Using circular polarization, ¢ falls off rapidly at an ;tjgnsny_ dependences ?fdthebllon _y|e_IdsdfoCr)th((aj rrget?]stﬁ\ble and
. : 4 ’ M _ dissociating states of doubly ionized,Oand both have
g‘;ﬁg?%gifg}ﬁﬁ;m\glcﬁ l’"f;glfphzwst:; :;I)I:apctilggyn?:n- anomalously low NSDI rates. Therefore, the nonatomiclike
tioned above, @ and QZ.* ion yields remain relatively par- behavior of Q appears to be due to the more complicated

. : L lectronic structure. It should be noticed thathds a closed-
allel over the whole intensity range, resulting in an unusuaghe" electronic structure, while the outermost orbitairg)?
Intensity dependence of the .ra.t'OZQO/OZ - On the one ¢y ground-state Qs only half-filled and in a triplet state.
hand, Fig. 4 shows that £exhibits NSDI but with a rate

It seems quite reasonable to expect that a closed-shell mol-
mu_ch lower than the other three gases. On thg other- hand, e je will behave like a rare-gas atom, but not a molecule
ratio curve of Q°*/O," does not drop at low intensity. To

e : X with an open-shell structure.
our knowledge, this is the first documentation of an anomaly P

in the double ionization of © Like N,, the O"+0O" signal We would like to acknowledge support from the NSF
is comparable to the &' signal. However, the intensity de- under Grant No. PHY-9502935. G. N. Gibson was also sup-
pendence of the signals is noticeably different. This impliegported through funding from the Research Corporation.
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