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Ellipticity effects on single and double ionization of diatomic molecules in strong laser fields
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By studying high-precision ion yield measurements in diatomic molecujeand NO with 30-fs linearly
(LP) and circularly(CP) polarized light, we extend to molecular systems the study of ellipticity effects on both
single and double ionization in strong laser fields. Competing ionization rates between LP and CP light, as
predicted in the Ammosov-Delone-Krainov model, is observed experimentally by studying singly ionized N
and NO. We further observe an anomalously high?NGignal with CP, which shows a nonsequential
ionization signature. A hypothesis is given that ties this observation to the influences of electronic structure on
ellipticity effects in strong-field ionization.
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The understanding of photoionization is the foremostnamics[8—12]. Motivated by these established experimental
problem in strong-field atomic and molecular physics, sinceand theoretical studies, we set out to study ellipticity effects
most of the phenomena currently studied, such as single armh strong-field ionization in molecules by considering the
multiple ionization, above-threshold ionization, high-orderimportance of electronic structure.
harmonic generation, molecular dissociation and ionization, In this paper, by eliminating the effects of enhanced ion-
and photoelectron spectroscopy, are derived directly or indiization of molecules at critical internuclear separations by
rectly from electron ionizatiofil]. Among various properties using 30-fs ultrashort puls¢®,10,13, we study the ioniza-
associated with ionization processes in atoms and moleculegon behavior of diatomic molecules,Nand NO with both
the study of ellipticity effects constitutes one important as-jinearly (LP) and circularly polarizedCP) light. As a closed-
pect in studying the dependence of ionization behavior ohe|l molecule, B is compared to the rare-gas atom Ar, both
field polarization. _ o . of which have a similar electronic structure as well as single

Ellipticity effects on single and double ionization, high- 504 gouble ionization potentials. In contrast, the so-called
order harmonic spectra, and photo-electron angular distribus,y qrogeniike molecule,” NO, has a closed-shell structure
';:glr:js iger:\i/zeatki)gr?n tj;”ﬁ;ﬁgg;”p{:;i’%? iﬁgglrgnr%lztri?]n%;)th plus onewy2p valence electron resembling the electronic

) ' R . . structure of the hydrogefH) atom. Although there is no
single and double ionization: in the tunneling regifi$, ) . .
r%lrect experimental study on the H atom, an attempt is made

single and sequential double ionization of rare-gas atoms are . L :
well described by the Ammosov-Delone-KraindyADK ) to find some underlying similarity between our experimental
¢ results andab initio calculations on the H atom.

tunneling mode[4], and ellipticity effects on the strong-fiel . , . . y
tunneling ionization follow the predication of the ADK  1he laser used in the experiment is an amplified Ti:sap-

model. For nonsequential double ionizati®NSDI) [5-7), phire system runnjng at a 1-kHz rgpetition rate, producing
ellipticity is one of the most important factors in influencing ©ver 400uJ/pulse in 30-fs pulses with a central wavelength
the yield, where the NSDI rate is relatively high for linear of 800 nm[14,15. The experimental setup and techniques
polarization but appears to be completely suppressed withlosely follow those described in Refk8,10]. Briefly, ion
circularly polarized lighf6]. However, these properties are signals are studied with a standard time-of-flighOF) mass
established mainly on the basis of the extensive study of thepectrometef16]. High-precision ionization yield measure-
rare-gas atoms that all have similar closed-shell electronicents in different molecular species are essential in order to
structures. study ionization in molecules. Using a technique introduced
In contrast to the relatively well studied ellipticity effects in Ref.[10], we are able to accurately determine the flight
in rare-gas atoms, almost no work has been devoted to stud§ime and width of a certain species in the TOF signals to
ing ellipticity effects in molecules due to the complexity of isolate them from contamination from adjacent TOF peaks.
the extra degrees of freedom. However, molecules can po- High-precision ion yield measurements of singly and dou-
tentially provide important tests of strong-field dynamics,bly ionized N, Ar, and NO are shown in Figs. 1 and 2, N
since even easily studied diatomic molecules have a greata@nd Ar have almost the same single- and double-ionization
diversity of electronic structures. Recently, detailed elecpotentials(N,, 15.58 and 27.12 eV; and Ar, 15.76 and 27.63
tronic structure has been demonstrated to play an essenti@V), and we can see that single- and double-ionization yields
role in influencing a variety of strong-field phenomena, suchof N, and Ar using both LP and CP are very similar over the
as single and double ionization, NSDI, charge asymmetri@ntire intensity range. Except for, of course, the NSDI com-
dissociation, molecular fragmentation, and strong-field dy{ponent in double ionization, the,Nand Ar data follow the
prediction of the ADK model reflecting the tunneling nature
of the ionization. For single ionization, there is a shift of the
*Present address: Condensed Matter and Thermal Physics Grou§, © and Ar” ion yields along the intensity axis from LP to
Los Alamos National Laboratory, Los Alamos, NM 87545. CP (a factor of~1.6—1.7), which remains relatively paral-
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FIG. 1. Single- and double-ionization yields fop Bnd Ar using FIG. 3. Single-ionization rates, predicted by the ADK model,

LP and CP. Calculations based on the ADK model are shown by thg, N, NO, and H using LRfull curves and CP(dotted curves

full (LP) and dotted CP) curves. The N' data are slightly reduced

at the highest intensities due to detector saturation. the ADK model still fits the data quite well at intensities
above 8<10'® W/cn? (corresponding to the Keldysh pa-
rameter of 1[3]), as shown in Fig. 2. Both the data and the
model prediction indicate that the LP and CP ion yields in
cE\IO+ approach each other and are almost identical with in-
freasing intensity.

To understand the different shift from LP to CP between
N,* and NO" in the tunneling regime, we consider the ion-
rization rate of LP versus CP from the ADK model predic-
tion. The ADK model first predicts the ionization rate for a
static field, which is equivalent to the CP rate. The LP rate is

lel over the entire experimental intensity range from 2
X 103 Wicn? to 6x 10" Wicn?. In contrast, ion yields

for NO* between LP and CP are very close together an
become almost identical at saturation intensities above
x 10 Wicn?. NO has a relatively low single ionization
potential(9.25 eVj; the multiphoton process dominates ion-
ization processes below the saturation intensity. Howeve

10 further obtained by integrating the static rate over one optical
cycle. Based on the ADK model, the ionization rate for CP is
10° slightly higher than for LP for equal field strength, since

electrons can escape from an atom at any time during the
optical cycle in the direction of the instantaneous electric
field. When plotted against equal average intengityrmally
used in experimentshowever, the ionization rate of LP is
higher than that of CP for a wide range of intensity, since the
instantaneous peak intensity for LP is twice the peak inten-
sity for CP for the equal average intensity. To see this, the
ionization rates of singly ionized J\l NO, and the H atom
with both LP and CP from the ADK model calculations are
shown in Fig. 3. For all three species, the shift from LP to
CP rate along the intensity axis-(L.6—1.7) remains rela-
tively parallel below a certain intensity, but eventually, the

Ion Signal [Counts/(shot torr)]
=

102 ionization rate of CP surpasses that of LP with increasing
intensity. Therefore, for equal average intensity, it appears

10t R | A the_lt ionization is more efficient with LP for r_noderg_te inten_-
10" 10" 10" sities, but more efficient for CP at higher intensities. This

interesting competing behavior between LP and CP has also

been seen in recerdb initio quantum mechanical calcula-
FIG. 2. Single- and double-ionization yields for NO using LP tions with the H atom although the connection to the ADK

and CP. Calculations based on the ADK model are shown by thenodel has not been pointed out thdfer]. For N,*, our

full (LP) and dottedCP) curves. laser intensity(below 6x 10 W/cn?) limits our study to
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the NSDI behaviof8,10]. In contrast, there is clearly a flat

D) part in the NO ratio curve with CP below the intensity of

= e N, . ~3% 10" Wicn? that exceeds the Nand Ar counterparts

+  x Ar #’gz‘;nmj: despite the LP ratio in NO showing a much weaker NSDI
A rate compared to those in,Nand Ar. (The NSDI behavior

with LP in NO agrees with that observed in REE8]). Note

that our comparison is based on comparing the LP and CP

+
- o e
[
.°><>€’°c> ratios of NO to their counterparts in,Nand Ar (as a refer-
o ;;30

NO :*_-_
.P;t o
F* EDDDUUJDD ence instead of comparing between the LP and CP ratios of
DDE'“ NO itself. Therefore, there appears to exist an NSDI-like
N . ox component in N®" with CP.
E -0 cfx The rescattering model has been proposed to explain
o o 5 NSDI and the associated ellipticity effedt9]. The model
s L% X states that an electron can collide with its parent ion core at
10'5-5 o %o e least one-half cycle after being driven away by a laser field,
] ° x and thise-2e rescattering could lead to an enhanced two-
] X electron simultaneous emission. The probability for an elec-
10° — R tron to rescatter off its atomic parent core will be greatly
10" 10" reduced in a CP field, since there will be some transverse
Average Intensity (W /em®) motion when the electron reverses its direction towards the
parent core. In contrast to an atom, a diatomic molecule is
elongated along the molecular axis. Therefore, an electron
close to one side of the nucleus could rescatter off an elec-
tron on the other side of the nucleus-2.2 a.u. away for
the range where the LP and CP rates remain nearly paralleNO) in a CP field. This unique geometry of a diatomic mol-
For NO", however, the ADK model shows that the LP and ecule might enhance the rescattering cross section for CP
CP rates approach each other and cross at an intensity @fading to an NSDI component. However, it has been shown
~2X10" Wicn?, and this behavior is almost exactly re- that the returning electron trajectory in a CP field is on the
flected in our experimentally observed ionization yields fororder of 50 a.u. away from the cof&7], and this will lead to
NO™. (Note that after volume average, the ionization yieldsa vanishing possibility for the-2e rescattering even for a
from the ADK model calculations will not show the crossing large molecule. Therefore, rescattering does not play any sig-
of the LP and CP ionization rates at the crossing intensity nificant role for the peculiar NSDI-like behavior in NO with
NSDI is currently one of the most challenging problemsCP. Furthermore, an accidental resonance fof N®ith CP
in strong-field physics, normally involving an enhancementis also unlikely, since the LP counterpart does not show any
in the double-ionization yields compared to calculationspeculiar enhancement at the same intensity range given that
based on sequential processes. As pointed out in the intreransitions are much more favorable for L(R.can be seen in
duction, a very sensitive dependence of the NSDI rate ofFig. 4 that within the intensity range of >810°—2
field polarization has been found in both rare-gas atpdhs  x 10'* W/cn?, the flat ratio part of NO with CP is higher
and moleculeg10]. Despite many similarities between di- than those of B and Ar, while NO with LP is over an order
atomic molecules pand NO, e.g., the number of electrons of magnitude lower than those in,Nand Ar) Finally, the
outside the nucleuél4 and 15, respectivelyand the inter-  fact that N, behaves like a structureless atom in ellipticity
nuclear distance+1.1-1.2 A), NSDI of NO shows an en-  effects for both single and double ionization leads us to con-
tirely different ellipticity dependence from those of,ldnd  clude that the peculiar behavior of NO is not simply a con-
Ar. From Fig. 2, we can see that the KOsignal with CP sequence of it being a molecule; instead, the different ellip-
does not fall off rapidly with decreasing intensity as ig’N ticity behavior between Nand NO could be once again
and AP*; instead, the ion yield of N& with CP is rela-  attributed to the difference in their electronic structures:(N
tively high at lower intensities, showing a knee structure forclosed shell; NO: closed shell plus one valence electron re-
intensities below % 10" Wi/cn¥, indicating an NSDI com-  sembling the H atoin since the detailed electronic structure
ponent commonly seen in LP yields. Since the ADK modelhas been demonstrated to play key roles in influencing the
may not give an accurate fit for a non-rare-gas-like moleculgtrong-field excitation and ionization over a variety of
[8], we use a well established technique by plotting the in-strong-field phenomen@—-12.
tensity dependence of the rat?*/X* to characterize the  To study further the possibilities of the influence of elec-
NSDI behavior quantitatively7,8], whereX™ andX?* are tronic structure on ellipticity effects, we consider aminitio
the yields for single and double ionization of some atom ontwo-electron quantum mechanical calculation recently re-
molecule X. In Fig. 4, ratio curves of BF'/N," and ported by us in investigating the dynamics of single and
Ar?*/Ar* with LP show weak intensity dependencies at in-double strong-field ionizatiofiL1]. In this study, not only are
tensities below X 10** W/cn?, indicating an NSDI compo-  the influences of the detailed electronic structure on nonse-
nent[8]. However, the ratio curves for Nand Ar with CP  quential double ionization reinforced in these calculations,
drop significantly with decreasing intensity and do not showbut the single-electron ionization is also demonstrated to be a
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FIG. 4. Ratio curves okK2"/X* for N,, Ar, and NO using LP
and CP.
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dynamic process correlated with the double ionization. Inn NO™. Further investigations are necessary to fully under-
particular, we observed a decrease in the single ionizatiostand this peculiar ellipticity behavior in NO.

rate that occurs at exactly the same intensity when NSDI is In summary, we performed high-precision ion yield mea-
most prominent. This indicates that single-electron ionizatiorsurements and extend the study of ellipticity effects to mo-
is suppressed when two-electron simultaneous emission béecular systems on both single and double ionization in
comes efficient. Therefore, it is natural for us to consider ifstrong laser fields. The closed-shell diatomic molecule N
there is any suppression in NQwith CP that could relate to behaves like the structureless rare-gas atom Ar in ellipticity
the peculiar high N&" signal. However, due to the volume effects following the prediction of the ADK model on both
averaging in experimentally obtained signals, an ion yieldsingle and double ionization. The competing ionization effi-
will always monotonically increase with intensity even as theciencies between LP and CP light, as predicted in the ADK
ionization rate starts to decreaf29]. Therefore, it will be ~ M0del, is observed experimentally by studying the ion yields
impossible for us to observe experimentally a suppressefll N2 versus NO. We further observe an anomalously
NO* ion signal even if it exits. As discussed above, it is high ion signal in N@* with CP at low intensities indicating

reasonable to compare the single-ionization behavior of NG NSDI signature. While _further Investigations are neces-
with the H atom because of the similarity in their valenceSary to fully understand this peculiar ellipticity behavior of

2+ . . . .
electronic structureAb initio calculations are relatively eas- QO bI, we prgpose a hypottr:esolls that 2 high ion yleld fOf
ily accessible for the H atom due to its simplicity. We note ad0UPly 1onized species can be due to the suppression of its

recent calculation reported in RélL7], where a suppressed singly ionized counterpart, and this hypothesis is supported

ionization rate is seen in the H atom with CP for peak inten-through a conpechon between the. experlmentally observed
hancement in NO and suppression in the H atom calcu-

sities higher than 0.02 a.u. Since the laser parameters alf(T. . NO has th | | .
jonization potentials in our experimenk €800 nm and , ations, since as the same valence electronic structure as

=9.25 eV} are different from the H atom calculationa ( ﬂ:e H atom. :f tr;|s_|s_tr;le case, etlﬁctrcl)l_n ?tr_?cgure |sdshown :co
—526 nm andl,—13.6 eV}, we establish a comparison play a crucial role in influencing the ellipticity dependence o

; L trong-field ionization, in addition to a variety of other
through scaling the ionization by the Keldysh parameter. Thé . : o
onset intensity of 0.02 a.u. for suppressed ionization in the Qtrong—flelq phenomena th"’!t havg already been '|de.nt|f.|ed,
atom corresponds to a Keldysh parameteyef0.87. They such as single and double ionization, nonsequential ioniza-

. - - tion, charge asymmetric dissociation, molecular fragmenta-
of 0.87 is transformed to an average intensitgte that peak . : .
intensity is used in Ref[17]) of 1.0x 104 W/cn? in our tion, and strong-field dynami¢8—12]. The results presented

experiment indicating that a suppression, if it exists, ma)):n thi; paper demonstrate that the study of ellipticity effects
occur at intensities above 0™ W/cn? in NO*. This 'S @ fich field yet to be fully explored.

agrees with the intensity range for the observed enhancement We would like to acknowledge support from the NSF
in NO?* in our experiments and therefore, it appears that tha&inder Grant No. PHY-9502935. G. N. G. was also supported
enhancement in N8 is somehow related to the suppressionthrough funding by the Research Corporation.
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