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In this paper, we report on an apparently anomalous observation in the dissociation channels of singly
ionized nitric oxide(NO) molecules. We observe that the NO molecules, when oriented perpendicular to the
laser polarization, appear to preferentially dissociate into the ™ channel rather than the N#@hannel,
despite the fact that the latter channel is more energetically favorable. A careful examination of the unique
electronic structure of the NO molecule suggests that this observation is most likely due to the influence of the
detailed electronic structure of NO on its strong-field ionization dynamics, which leadsci@ted in strong
fields to dissociate differently from that in weak fields. This study reinforces our understanding of the funda-
mental differences between ionization dynamics in strong fields versus weak fields.
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The understanding of the photoionization processes is gberiments[5,6], our observation in NO appears to deviate
critical importance in strong field atomic and molecular dramatically from what would be expected based on energy
physics since nearly all the major strong-field domains, suclevel consideration.
as above-threshold ionization, high harmonic generation, The laser used in the experiment is an amplified
molecular photodissociation, and photoelectron spectrosFi:saphire system consisting of a mode-locked oscillator and
copy, are derived directly or indirectly from electron ioniza- a two-stage amplifie(a regenerative amplifier and a two-
tion [1-3]. Following extensive prior studies, most aspects ofpass external amplifierAfter final pulse compression, the
single-electron strong-field phenomena in rare gas atomsystem generates 55-fs pulses of about 1.5 mJ/pulse at a
have been relatively well understopt,2]. However, single- 1-kHz repetition rate with the central wavelength at 800 nm.
electron strong-field ionization in molecules has encountered half-wave plate and a polarizer assembly is used to vary
difficulties and continues to challenge our current underthe pulse energy. The beam is weakly focused, using a lens
standing in strong-field physice4—7]. One of the well- of f=30 cm, to a near diffraction-limited spot size of about
known examples reflecting the complexity of molecules is40 um in the center of the extraction region of a time-of-
the observation that the single ionization yield of ® sub-  flight (TOF) mass spectrometer. The Raleigh range of the
stantially lower than that of the rare gas atom Xe, althougHocused beam is about 3 mm. The chamber base pressure is
O, has virtually the same ionization potential as Xeless than 5 107*°torr. The pulses are negatively chirped at
(~12 eV) [4,5]. At first glance, the anomalous behavior of the output of the amplifier to precompensate for the disper-

O, may be because s a molecule and is different from the Sion of all the optics prior to interacting with the gas media
razre g)éls atom Xe %Sowever our further experiment als nside the chamber. The TOF is similar to that described in

: : . . efs.[5,8]. At the end of the TOF, ions are detected with a
shows that the low ion signal is not observed ig Ne., Ny microchannel plate as a function of flight time. This signal is

AR i o further amplified, discriminated, and either integrated with a
ionization potential as N(~15.6 eV} [5]. This indicates that boxcar to produce ion yields or sent to a multihit time digi-

the peculiar behavior of Qs not a simple consequence of its tj;er 1o generate TOF mass spectra. The time digitizer used
being a molecule. Rather, the fact tha; Nehaves like & (ORTEC model 9358has an ultrahigh flight time resolution
structureless atom, while Oshows distinct nonatomiclike ¢ 100 ps. To minimize the signal average effects associated
behavior, indicates that subtle details of the electronic strucyith the focused laser intensity distribution, the TOF voltage
ture plgy a k_ey role in influencing strong-field excitation a”dplate for ion extraction has only a 1-mm pinhole opening,
ionization, since M has a closed-shell electronic structure, gimilar to that described in Refk5,8]. An ion-ion correlation

. . 2 1 .
while the outermost orbitallmy)® of the ground state of ©  (ochnigue is used to deduce the identity of different dissocia-
is only half filled[5-7]. tion channelg8].

Most of the previous work in studying atomiclike and  Three chemical pathways exist following single electron
nonatomiclike behaviors of molecules has focused on singlg)nization of NO: one ionic channéNO*) and two disso-
electron ionizatiorj4—7]. In this paper, we extend the study ¢jation channelgN*+0O and N+0), illustrated as follows:
to the subsequent single-ionization induced dissociation . o
channels in molecules. Here, we report on an apparently NO— NO"+e molecular ionic channel
anomalous selective charge separation in the dissociation . _ o
channels following the single ionization of a heteronuclear —N*+O +e dissociation channel; labeled a$INO)

diatomic molecule, nitric oxidéNO). Similar to the Q ex-
—N+O"+e dissociation channel; labeled a$100).

Note, throughout this paper, we label channel+d as
*Electronic address: guo@optics.rochester.edu N(1,0), and channel N+Oas Q1,0). The energy thresholds
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. FIG. 1. TOF d_ata show N40 N*, and O in a linearly polarized FIG. 2. TOF mass spectra of the" NO and N+J channels in
field at an intensity of 510" W/cm?. N(1,) and+C11,1) denote |inearly polarized laser light at different intensities. The laser inten-
the N" and O signals, respectively, from the'™ O* channel. sity increases by a constant ratio of 1.5 from the second lowest

curve (1.1x 10" W/cn?) to the highest ong5.4x 10 W/cn?),
for the NO, N(1,0), and 41,0 channels are about 9, 20.2, except at the lowest intensity of Q103 W/cn?.
and 21.2 eV above the ground state of NO moled@k

Therefore, it is much easier to obtain the ionic channelyNO g died previously10], and so we confine our attention here

than the dissociation channels(IND) and 1,0 This can 15 the behavior of the dissociation channels(1)9) and

be understood from both experimental results and electronigy1 ). As shown in Fig. 2, TOF mass spectra are taken at

structure analysis, as explained below. different intensities across the delay range corresponding to
Experlm'entallly,. Fig. 1 shows that NQyield is higher  he N(1,0) and Q1,0) channels. We can see that bothl))

than the dissociation channels by a factor of nearly; i® 44 q1,0) have a double-peak structure corresponding to the

dicating that the molecular ionic channel dominates the enghns with initial velocity towards and away from the MCP

product following single ionization of NO. This observation getector at the end of the TOF drift tube. The initial kinetic

can be also understood based on the electronic structuggergy release of the two dissociation channels can be deter-

analysis of NO as follows. The so-called “hydrogenlike mol- mined from the flight time separation of the two peaks, as
ecule,” NO is well known for having an electronic structure fg|jows.

resembling that of the hydrogen atom. The outer electronic
configuration in NO,(17)*(50)%(2m)!, consists of closed- NO - N*+0+0.35eV N1,0) channel
shell orbitals(17)* and (50)? plus one outermost2 elec-
tron [9]. Both (50)? and (27)! are antibonding orbitals,
while (177)% is a bonding orbital9]. The three different chan-
nels following the singly ionized NO correspond to the re- As illustrated in Fig. 3, our laser polarization is parallel to
moval of different electrons in NO. If we remove the outer-the TOF axis. The clear double-peak structure at lower inten-
most electron from the antibonding orbitat@r even one of  sities indicates that the molecules oriented along the laser
the antibonding & electrons, the remaining bonding elec- polarization have the highest ionization and dissociation
trons should leave the singly ionized NO in the ionic stateprobability since electron ionization needs to overcome the
NO*. If we remove an electron from the inner-shell least amount of potential energy along the molecular axis,
17-bonding orbital, dissociation can occur and one of thedue to a double-well molecular potential structyB11].
two dissociation channels should be the end product dependhe central regions between the double peaks of béihON
ing on the exact electron removed. Pictorially speaking, if weand Q1,0) channels correspond to ions with nearly zero ini-
remove an electron closer to N, thé¢IND) channel should be tial kinetic energy along the TOF axis. Since NO molecules
more likely to result; if we remove an electron closer to O,in the target region are randomly oriented, molecules ori-
the Q1,0 channel should be more likely to result. From this ented perpendicular to the laser polarizatisee Fig. 3 may
analysis, we can see that ionic channel'™N®clearly much also be ionized and dissociate perpendicular to the TOF axis.
more energetically favorable than the dissociation channel§hese perpendicularly dissociated molecules will have a
since it involves removing the outmost least-bound antibondnearly zero kinetic energy on the TOF spectra, corresponding
ing 27 electron. This analysis is clearly consistent with theto the central regions of the(l,0) and 41,0) spectra. Note,
experimental observation that the N®ignal is nearly four our extraction region has an electric field strength of about
orders of magnitude higher than the dissociation channel$5 kV/m. Although the TOF extraction plate has a
N(1,0) and 41,0 (Fig. 1. 1-mm-diameter pinhole to restrict volume average effects
The ionic channel, NQ in singly ionized NO has been during ionization, this pinhole has little constraint for the two

NO—N+O"+0.46 eV 1,0 channel
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entation as we discussed herather than accidentally popu-
lating to a lower-lying resonant energy level.

More interestingly, however, we note that the central part
of N(1,0) grows faster than that of @,0), despite the fact
that both channels are from the same precursor, singly ion-

yfield polarization ized NO. Therefore, for molecules oriented perpendicular to
TOF axis the laser polarization, it appears that NGf it dissociates,
will preferably dissociate into [,0) rather than @L,0). This
is interesting, because the energy level of the former channel
is actually higher than the latter channel by about 1 eV. A
simplified estimate using the Ammosov-Delone-Krainov
model [13] suggests that the 1 eV difference in ionization
threshold could lead to 3—-10 times the difference in ioniza-
tion yield at our intensity range, and that is contrary to our
\ experimental observation. To understand this, a more careful
examination of strong-field-induced dissociation process for
2820 2840 2860 2880 NO" is necessary.
Time (ns) Theoretically, it is very difficult to attain a general quan-
tum mechanical description of an interacting system in the
FIG. 3. lllustration shows that fragments with different kinetic presence of a continuously varying nonperturbative strong
energy correspond to molecular dissociation along different direcfield. During the strong interactions, it is not always possible
tion with respect to the laser polarization/TOF axi§1/) peaks  to exactly characterize all the quantum processes involved,
are used here for illustration. In the ﬁgure, the left and rlght region%uch as dlpole Coup“ng and f|e|d_dressed states. Some
correspond to the dissociation of molecules with their axis Orienteq;imple and intuitive pictures have found successes in inter-
along the I.as.er polarization,while the.cent.ral rggion correspopds tﬁreting strong-field phenomena. Noticeably, there are two
the dissociation of mqlecules wnh their axis oriented perpendlcul%uch examples in the studies of strong-field interactions with
g;éh: dlgiglre?vc\)/glnzigoa:]/s Tir?Te?wXSIi Cc:nste_qluently, an elleCtrﬁn Wr']"atoms and molecules, respectively. For atoms, the rescatter-
. 9 potential, respectively, when t ﬁ1g model treats electrons as classical partif¢led, and it
molecules orient parallel or perpendicular with respect to the Iaseﬁas successfully accounted for many phenomena in field-
field (see text for details . . y pher .
atom interactiond1,2]. For molecules, detailed electronic
perpendicularly dissociated channels because of their smagkructure effects have been shown to be a key factor in influ-
dissociation kinetic energy0.35 and 0.46 eV, discussed encing a variety of strong-field phenomeffa-8,10. Al-
above. This is confirmed by our kinetic angiMiON simula- ~ though not explicitly evident, both pictures can be consid-
tions[12]. ered as intuitive approximations of complicated quantum
It is well known that it is easier to ionize an electron alonginteractions in strong fields. Giving the complicated nature of
the molecular axis than perpendicular to the & This  strong field-molecule interactions, we approach the current
can be qualitatively understood from Fig. 3, where an elecproblem in this paper by using the intuitive molecular picture
tron needs to overcome a shallower double-well potentiathat considers the detailed electronic structure effects in NO.
barrier in the presence of a field along the molecular axis It is well known that the O atom has a greater electron
while a steeper atomic like single-well potential perpendicu-affinity than the N atom and therefore, in NO molecules, the
lar to the molecular axis. Therefore, if the central regions inelectrons in the 4-binding orbital between the N and O
the N(1,0) and 1,0 spectra are indeed from the NO mol- cores should shift towards the O atom. Thus,maelectron
ecules initially oriented perpendicularly to the laser polariza-closer to the N atom is less bound to the overall core poten-
tion (TOF axi9, these central peaks should become mordial than a 17 electron closer to the O atofa simple calcu-
visible only at higher intensities because electron ionizatiorlation can illustrate this point Therefore, a # electron
needs to overcome a greater potential energy in the perpentoser to the N atom should be ionized more easily, and the
dicular direction[3,11]. This is actually confirmed from our removal of this N-side electron should result in thél))
experimental observation in Fig. 2: as the intensity increaseshannel, as discussed earlier. This explains why tki 0N
the central part between the double peaks ¢1,80 and channel is easier to reach than thél) channel in strong
0O(1,0) grows more and more pronounced. It is also possibldields. The next question, however, is why this observation is
that the central peaks in(,0 and Q1,00 are due to an only seen in the central peaks that correspond to the electron
accidental population of a lower-lying dissociation energyionization perpendicular to the molecular axis. We believe
level that leads to a smaller dissociation energy. However, ithat the above-mentioned detailed electronic structure influ-
this was the case, we would expect that the lower-lying enence is most likely smeared out for ionization along the mo-
ergy level be populated more strongly at lower intensitiedecular axis since an electron needs to move through a
rather than at higher intensities as we observed. Furthermordpuble-well molecular potential that will complicate the ion-
the central peaks become progressively more and more prization proces$3,11. The perpendicular ionization, on the
nounced as the laser intensity increases by an order of magther hand, should be more sensitive to the initial electronic
nitude, and this indicates that the central peaks are morgtructure since an electron only needs to overcome a simple
likely due to a general phenomenémolecule random ori- atomiclike single-well potential. Thus, we see a higher cen-
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tral peak in N1,0) than Q1,0) when molecules are oriented O core since the ionization potential of the O atom is smaller
perpendicular to the field polarization/TOF axis. The consisthan the N aton{13.62 eV for the O atom; 14.53 eV for the
tency of our simply picture and the experimental observatiorN atom) [15]. Thus, the @1,0) channel is more energetically
differs drastically from what we may expect based on arfavorable in the weak field case, but the reversed case seems
energy level analysis, where th€\N0) channel is supposed to be more applicable in strong-field ionization.
to be harder to reach than th€XQ0) channel. In summary, we have observed an apparently peculiar be-
To further understand why our observation is dramaticallyhavior in TOF mass spectra taken from the two dissociation
different from the energy-level predication, we provide thechannels of singly ionized NO molecules(I\J) and 1,0).
following hypothesis motivated by the concept discussed irBoth channels have a double-peak TOF structure with a
Ref.[6]. As discussed in detail in R€f6], ionization dynam-  smaller central peak that only becomes visible at relatively
ics is very different in strong fields compared to weak fields.high intensities. We show that these central peaks are due to
lonization in weak fields is a relatively slow process occur-molecules dissociating with their axes perpendicular to the
ring over many cycles of laser light, while it occurs nearly |aser polarization/TOF axis. By studying these central peaks,
instantaneouslywithin only a fraction of a half laser cydle \ye find that NO molecules, when oriented perpendicular to
in the strong-field tunneling regimiés,13|. For strong-field  {he |3ser polarization, preferentially dissociate to tha,d)
|qn|zat|on in NO, the initial elec_tronlc structure plays a Cru- spannel rather than the(D0) channel, despite the fact that
cial role. The fact that a#-bonding electron closer to the N he |atter channel is more energetically favorable in weak
atom is less bound to the overall core potential contributes t@g|gs. A careful examination of the unique electronic struc-

our'experimental observation: ioni;ation is easier for theyre of the NO molecule suggests that this observation is
N-side electron when molecules orient perpendicular to the,st jikely due to the influence of the detailed electronic
laser polarlzat|on._ The energy level o_f different channe_ls, ONtructure of NO on its strong field ionization dynamics,
the other hand, is based on experimental observations ighich leads NO molecular ions created in strong laser fields
weak fields under conditions where ionization typically is at, gissociate differently than they do in weak fields. While
relatively slow process, as discussed in detail in B&f.For  f,rther studies are desirable to fully characterize this obser-
weak-field ionization in NO, when an electron moves slowlyyation, our experiment suggests further evidence to reinforce
away from the molecule, the remaining electrons have,,r ynderstanding of the fundamental differences between

enough time to adjust their position to minimize their poten-ignization dynamics in strong fields versus weak fields, as
tial energy[6]. This electron readjustment during ionization proposed in Ref[6].

will minimize the influence of initial electronic structure on
ionization process. Therefore, as a more adiabatic process, The author would like to acknowledge the support from
electron ionization in weak fields should be easier from thehe U.S. Air Force Office of Scientific Research.
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