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We examined the femtosecond nonresonant ionization of organic amines with vertical ionization potentials
as low as 5.95 eV. The quantitative evaluation of suppressed ionization relative to the single active electron
approximation model was done by comparing the saturation intetgityin experiments and theory. ADK
theory was found to be useful in predicting the ionization yield inlthescale within a factor of 2, even for
molecules with very low ionization potentials. The degree of suppression was, however, smaller than that of
benzene. The localization of electrons on the nitrogen atom was found to affect the ionization behavior under
the strong laser field. The delocalizedelectrons in benzene could not follow the laser field adiabatically,
while those in localized molecular orbitals could. In addition, the growth of a tunneling barrier due to the
screening effect in amines may be relatively smaller than that in benzene.

Introduction (Xe and Q) shows different rates; s very hard to ionize
compared with Xe. Wells et al. examined the ionization of
several diatomic molecules with 1:8n.° and they concluded
that the suppressed ionization features cannot be classified as
having exclusively tunneling or multiphoton ionization effects.
The suppression of ionization in the case of diatomic molecules
has been discussed in terms of molecular alignment along the
laser polarization directioH, dissociative recombination mech-
anism?i? vibrational motion and field-induced bond length
changed? the ionization potential based on the amount of
screening provided to the outer electrons by the inner electrons
(effective charge}? and destructive interference of electron
emission from the two atomic centéfdonization theory based

on the single active electron approximation applicable to atoms
under a strong laser field, especially to rare gases, has been
used to explain the ionization rate and/or probability of
molecules. They are PPT (PerelomdRopov-Terentev) theory?

ADK (Ammosov—Delone-Krainov) theory}” and SFA (strong

or pulses at a suitable wavelength that is off-resonant with the field approximation) with the related particular KFR (Keldysh

molecular cation radicals to avoid fragmentationBesides FaisaI—Rheiss) htheory‘? Du;]a to iFS simplicilty, anl_anta)lllytical
fragmentation, the suppression of ionization is one of the recentappro_a(i ?‘;]Cf as ADK theory IIT1 preierrl]tyl_ap_p Icable th ﬁ_ny
important topics in molecular ionization studies and has attracted Matérial with few parameters although the limitations of this

the attentions of both experimentalists and theorists. Generally(N€0Ty have been stated in many studies. Strong laser field
speaking, molecules are hard to ionize (the ionization rate is I°Nization theory has made rapid progress, and several ap-

smaller than that of rare gases with the same ionization potential) Proaches have been proposed to explain the ionizgion rates of
although the difference in ionization rate has remained unex- SImple molecules SUCQ as MO-PPT (molecular-P TMO;
plained even in the cases of diatomic molecules. Several SFA (molecular-SFA}? and MO-ADK (molecular-ADKY:
diatomic molecules have been examifisdch as & F», Cl,10 MO-PPT, MO-ADK, and MO-SFA (especially for length gauge)
CO, NO, SO, and so on. Two sets of pairs (Ar vsaxd Xe vs have agreed well with experimental results. However, a general
0») have been compared and discussed well. If the ionization straightforward exp_ression applicable to all Qiatomic molecules
potential alone affects the ionization rate, their ionization yields Nas not yet been discovered. For exampleisiegarded as a
should be the same. The ionization rates of the former pair (Ar SPecial case among the diatomic molecules. The ionization
and Nb) closely resemble each other, and the ionization of N behavior is similar to that of a rare gas although suppression

is understood to be atomic-like. On the contrary, the latter pair Was expected by the theory. This is not surprising because
fluorine has been found to deviate in many physical properties,

* To whom correspondence should be addressed. Pho8a:-6-6605- and the electronelectron correlation should be taken into
2554. Fax: +81-6-6605-2522. E-mail: tomo@sci.osaka-cu.ac.jp. account to elucidate the problem. Another model well describes
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The interaction between a high intense femtosecond laser field
and matter is one of the most attractive research subjects in
laser chemistry.The most fundamental process under a strong
laser light field is ionization, and many interesting features have
been found; however, the ionization of atoms (rare gases) and
simple (diatomic) molecules have been the main focus of these
studies. For instance, the exact time evolution of the electron
wave packet dynamics of Hinder an intense laser field was
solved successfully.On the other hand, understanding the
ionization behavior of large molecules is more difficult due to
their complexity. In many cases, the molecular ion does not
survive; fragmentation of a molecular ion prevents us from
comparing results with theoretical predictions. The importance
of radical cations in the postionization fragmentation process
has been increasingly recognizednd controversy as to the
fragmentation mechanism including nonadiabatic excitation is
ongoing*® Evidently, we can use shorter duration pélaad/
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Figure 1. Organic amines ionized by intense femtosecond laser pulses
(800 nm, 45 fs): perfluorotriethylamine (FTEA), aniline (ANY,N-
dimethylaniline (DMA),N,N,N',N'-tetramethyl-1,4-phenylenediamine
(TMPD), and tetrakis(dimethylamino)ethylene (TMAE). Abbreviations
and vertical ionization potentials are shown below the chemical
structures.
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the literaturé! and treated under nitrogen atmosphere or in
vacuum. The trace amounts of volatile impurities were removed
by evaporating them in vacuum before use. Samples were
degassed by repeated freeze and thaw cycles before use. Xenon
was purchased from Japan Air Gases with the stated purity of
99.99%. The vapor sample was introduced by a leak valve. The
sample inlet, except the sample itself, was heated to certain
temperature to avoid adsorption to have stable pressure during
the experiments. The chamber pressure was monitored 20 cm
away from the laser focus point with a cold cathode pressure
gauge. The base pressure of the ionization chamber and the time-
of-flight chamber was below % 10~7 Pa. The sample pressure

in the ionization chamber was kept belowx510-° Pa during

the experiments to avoid the space-charge effect. The pressure
of the time-of-flight mass chamber was 10 times below the
ionization chamber by differential pumping.

A 0.5 TW all-diode pumped Ti:Sapphire laser (Thales Laser,
Alpha 100/XS,< 30 fs, 100 Hz,> 15 mJ, 800 nm, rms stability
~1%) was used in this study. The pulse width was measured
by a second-order single-shot autocorrelator (Thales Laser,
TAIGA). The laser beam passes through several materials such
as a neutral density filter (BK7, 2 mm), a beam splitter (quartz,

the suppressed ionization features for many species by consideryq mm), a focusing lens (quartz, 5 mm), and an ionization

ing their single-photon ionization cross sectférhe current

chamber window (quartz, 3 mm). The same materials were

theoretical development and limitations have been described inplaced in front of the autocorrelator. Group velocity dispersions

ref 22.

Hankin et al. have examined 23 organic molecules with 44
fs pulses at 0.&m up to 1x 10 W cm~2.23 They examined
molecules with ionization potentials between 8.25 and 11.52
eV. They defined the saturation intensity,;; to compare the
results of ionization yield between experiments and theory. The
ionization rates (yields) of benzene, cyclohexane, and other
molecules were generally lower than the values predicted by
ADK calculations. We also explored ionization and/or frag-
mentation of organic molecufesnder the intensities below ¥0
W cm=2 in addition to the Coulomb explosion of organic
molecules below 3 W cm~2.24 These results were reviewed
in refs 25-27. A variety of organic molecules such as aliphatic
and aromatic hydrocarboR%,halogenated compounéske-
tones?® and nitro compound®,were examined. To accumulate
the knowledge necessary to understand the nature of molecula
ionization, it is necessary to examine a variety of molecules
with a wide range of ionization potentials.

In this study, we examined several organic amines with very
low ionization potentials. They have vertical ionization potential
between 5.95 and 12.1 eV. To evaluate the suppressed ionizatio
quantitatively, we measured saturation intensity; and
compared it with that obtained by ADK theory. Deviation from
theoretical prediction, i.e., suppression of ionization, was

introduced by these materials were compensated with the
acoustooptic programmable dispersive filters (Fastlite, Dazzler)
to have the minimum pulse width. We did not achieve gain-
narrowing compensation by Dazzler, and the typical pulse width
was 40-45 fs.

A linear mode of reflectron-type time-of-flight mass spec-
trometer (TOYAMA, KNTOF-1800) was used for ion analysis.
The resolution fvAm, fwhm) was 1000 atwz = 129. The
output signal from a MCP (Hamamatsu, F4655-11X) was
averaged by a digital oscilloscope (LeCroy, Wave Runner 6100,
1 GHz) for 1000 shots or by a multiscaller (Fast Comtec,
P7887). A weak signal was amplified by a fast preamplifier
(Phillips Scientific 6954, 1.8 GHz, gain 10). The higher
sensitivity of MCP for the highly charged ions was corrected.
r\/elocity-dependeﬁ@ correction factors for multiply charged ions
were estimated by observing their ion yields at several accelera-
tion voltages. The correction factor was 2 for doubly charged
ions. A slit of 500um width was located on the extraction plate
perpendicular to the laser propagation direction in order to
collect the ion that was generated in the most tightly focused

rboint of the laser beam (achieving ion collection from axially

symmetric parallel beam geometry).
The direction of laser polarization (800 nm, horizontal, linear

observed in the case of amines; however, the degree ofPolarization) was parallel to the time-of-flight axis. The laser

suppression was relatively small compared to that of benzene.

The origin of the relatively small suppression ionization is
discussed here in terms of the character of the molecular orbital
and the screening effect.

Experimental Section

The structure of examined amines are shown in Figure 1.
Perfluorotriethylamine (FTEA, PCR;97%) was dried over
calcium hydride followed by distillation. Aniline (AN, Aldrich,
>99.5%) andN,N-dimethylaniline (DMA, Aldrich, >99.5%)
were dried over calcium hydride and distilled in vacuum.
N,N,N',N'-Tetramethyl-1,4-phenylenediamine (TMPD, Aldrich,
99%) was purified by sublimation. Tetrakis(dimethylamino)-
ethylene (TMAE, Tokyo Kasei) was purified as described in

beam was focused into the ionization chamber with a plano-
convex quartz lens of 200 mm focusing length. The position of
the lens was adjusted to have a maximum signal intensity of
the highest charge state of xenon observed{Xe Xe>"). The
laser energy was attenuated by the combination of motorized
half-wave plate and polarizer before the multipass amplifier.
When the laser energy was sufficiently low to avoid induced
nonlinear effects such as white light generation and ablation,
the laser energy was also attenuated by a reflection-type neutral
density filter (Sigma Koki). A part of the laser beam was
reflected by a beam splitter at a small incident angle, and the
laser pulse energy was measured using an integrating sphere
and a calibrated Si pin-photodiode. The actual laser intensity
of the linear polarized pulse at the focus was determined by
measuring the saturation intensity,, of xenon by the method
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Figure 2. Femtosecond laser ionization mass spectra at two different intensities and electron impact mass spectra (botterv)3yMagan
SATURN4D, SPB-5, 30 m, 70 eV, 4% cutoff, 50 m/2): (a) TMAE, (b) TMPD, and (c) AN. The spectra are taken at aroup@énd 35 The

symbol M indicates thezth charged molecular ion. The original signal intensities are multiplied to provide clearer presentation. The factors are
indicated in each column.

of Hankin et ak® The saturation intensity of xenon was Sorgues et al. observed ionsmfz = 73 and 116 for TMAE
calculated by ADK theory. In the calculation of saturation by a tightly focused femtosecond laser piis€ontrary to their
intensity, a Gaussian (temporal and spatial) pulse and electronresults, such ions were not observed at any laser intensities in
ejection from the p orbital were assumed. We obtainedxl.1  our experiments. We did not use a supersonic beam as they
10" W cm 2 for a 45 fs pulse and used this for intensity did, but that may not be the reason for the contradiction. TMAE
calibration. The ions of the amine were measured successivelyis an exceptionally electron-rich alkene; therefore, it reacts with
after the measurement ¢f;; of xenon without, between two  oxygen very easily. If oxidized products were contaminated,

runs, changing experimental conditions. they would appear at a higher laser intensity because they have
a higher ionization potential than TMAE. No oxidized products
Results and Discussion were found by femtosecond laser ionization in our study as

shown in Figure 2a. Impurity peaks originating from the
oxidation of TMAE such as tetramethylurea/g 116, 72, 44),
bis(dimethylamino)methanen(z 102, 58), tetramethylhydrazine
(m/z 88, 73, 44, 42), dimethylformamiden(z 73, 44), tetra-
methyloxamide ifvz 77, cleaved products were observed), and
dimethylamine ifWz 45, 44) were well recognized in the
femtosecond laser ionization mass spectrum after the exposure
of TMAE to air for a few seconds. Other amines are not very

lonization of Amines by Femtosecond Laser Pulses and
Their Fragmentation Behavior. lonization of organic amines
was carried out by 45 fs pulses at (8. Figure 2 shows the
time-of-flight mass spectra of TMAE, TMPD, and AN at
different intensities. It is interesting to note that the distribution
of fragment ions in the laser ionization mass spectra was
different from that in the electron impact mass spectra. The
distribution of ions produced by femtosecond laser pulses was - .
much simpler than that produced by electron bombardni@nts. sensitive to oxygen but were treated under a nitrogen atmo-
lons of amines examined in this study were also found in sphere.
electron impact mass spectra, except for highly charged mo-  Singly charged molecular ion formation was dominant at the
lecular ions. Significant contribution by highly charged species low-laser-intensity regime in all amines examined. As laser
is a characteristic feature in femtosecond laser ionization massintensity increased, both double and dissociative ionization took
spectroscop¥* For example, ions ofivz = 56, 58, 70, 85, 97, place. It should first be mentioned that the ionization a0r8
101, 113, 128, 140, 185, and 200 were found in the electron becomes somewhat complicated when we try to compare it with
impact ionization spectrum of TMAE (by GEMS, Varian theoretical predictions. Because of heavy fragmentation at the
SATURN4D, SPB-5, 30 m, 70 eV, 4% cutoff, 58 m/2), high-intensity regime, the ion yield included a significant amount
whereas femtosecond ionization results in ionsnid = 85, of fragment ions as well as molecular ions. These fragment ions
100, 185, and 200 as shown in Figure 2a. Doubly charged resulted from thermally dissociative processes, resonant-induced
TMAE (m/z = 100) was identified by a noninteger number of fragmentatior?,and Coulomb explosion of highly charged ions.
isotope peakrtyz = 100.5) and by the peak intensity ratio. Fragmentation of molecular ions induced by the latter two
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Figure 3. (@) lon yields of TMPD as a function of laser intensity: singly charged molecular@rand doubly charged molecular ioa), The

ion yields derived from ADK theory (solid line, singly charged molecular ion; dashed line, doubly charged molecular ion) are also shown. The
experimental data and ADK prediction curve of the singly charged molecular ion are multiplied by 10 to provide a clearer presentation. (b) lon
yield of TMPD (total ions) as a function of laser intensity. The solid line is the ADK theory prediction curve for the singly charged molecular ion.
The symbol M* indicates thezth charged molecular ion.

processes makes the comparison with theoretical predictionfocal region along the beam propagation axis was exposed to
difficult. Neutral amines have no absorption at the laser the detector, the ionization yield above saturation intensity
wavelength, and nonresonant ionization will take place, whereas(ionization probability is unity) was expected to increase as the
the resulting radical cation may absorb it. In the case of TMPD, Gaussian focal volume grew with thé? rate ( represents the
the laser wavelength is not so much overlapped with the cation laser intensity). An attempt to minimize this volume effect by
radical absorptiod® The TMAE cation is transparent in the extracting the ions through a slit smaller than the confocal length
visible region®” Cation radicals of AN and DM& have was performed in this study. The slope of the saturation region
absorption at 800 nm; therefore, the resonant-induced fragmen-was less than 1.5, indicating that volume restriction was
tation is expected to occur in those cases. We cannot avoidachieved. Figure 4a shows the shape of the molecular ion peak
resonant-induced fragmentation under our experimental condi-of TMPD at different intensities. The full width at half-
tions. However, the contribution of fragment ions to the total maximum of the molecular ion peak as a function of laser
ion yield was relatively smaller than that of molecular ions, intensity is shown in Figure 4b. The width of the molecular
even in the cases of AN below the saturation intensity regime. ion peak was the same below the saturation region (10 ns
Coulomb explosion is expected to be negligible below the corresponds to a mass resolution of 1100). The peak became
saturation regime. Thus, we count the number of molecular ions broader in the saturation region, and a double structure appeared
(correcting for the higher sensitivity of MCP to doubly charged at intensities higher than the saturation region. The double peaks
ions) and fragment ions to obtain a total ion yield. The FTEA should originate from the spatial distribution of singly charged
molecular ion was not observed at all, as in the electron impact molecular ions. As the laser intensity increases, a higher charge
mass spectrum (the ion state may have repulsive potential);state is formed at the most intense central part of the laser beam,
therefore, fragment ions were summed to obtain a total ion yield. whereas singly charged ions are produced at the wing of the
Figure 3a shows the ion yields of TMPD as a function of laser beam. The double peak was also observed iZ-#wan
laser intensity. It should be first mentioned that the ionization experiment along the laser propagation directfoivolume
behavior of TMPD and also that of other amines with low restriction along the laser beam propagation (perpendicular to
ionization potential was very characteristic. As laser intensity the ion extraction direction) was successful; however, restriction
increased, the ion yield increased very steeply until it reached of the volume along the ion extraction direction could not be
the saturation regiom(3 x 10 W cm2). After the saturation achieved by placement of a slit. Simple calculation showed that
region, it again increased gently (8 10 W cm™2, ap- the 20 ns separation of two peaks at 5110 W cm2
proximately). The first slope was 5 and the latter was 1.5 in the corresponded to 8&m in space along the ion extraction
case of TMPD. This feature was observed for both singly and direction under our spectrometer setting. Confinement of an
doubly charged molecular ions. A similar feature was found in exact ionization volume and determination of absolute ion
the case of other amines and also in anthrackne (7.4 eV). yield*! is difficult under our experimental condition. However,
All ions showed similar features, indicating that this steplike we did not observe this feature in the case of xenpr(12.13
behavior could not be attributed to physical reasons but to eV) up to 5 x 10" W cm™2, indicating that the volume
experimental issues. A similar step feature could also be found restriction by slit failed for certain molecules at certain intensi-
in the earlier experiments without collecting volume restric- ties; thus, we observed an ion yield well below the second
tions2? In such full-volume experiments, in which the whole increase and used them for further analysis.
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have different values due to structural changes (Table 1).
Femtosecond laser ionization was considered to be an instan-
taneous event; therefore, the ionization occurs vertically and
we used vertical ionization potential for the calculation. The
ionization potential of neutral to doubly charged amines has
not been reported previously. We therefore estimated the
ionization potential of doubly charged amines as follows. The
average energy to form a doubly charged state is 26506
times*? larger than that to form a singly charged state in the
cases of aromatic molecules. Thus, we assumed that this value

22,0 221 could also be applied to the case of amines. For example, the
( ) time of flight / us energy required to ionize singly charged TMPD to a doubly
b 35] o charged state was assumed to be 11.1 eV, and this value was

used for the ADK calculation (assuming a sequential ionization

o process). The ion yield of the experiments and those derived

@ from ADK theory are compared in Figure 3a. Although ADK

s 207 o prediction agreed well with the singly charged ion yield of
z 59 © TMPD, it completely failed to explain (underestimated) the
0o O formation of doubly charged molecular ions. It was interesting

54 to note that the same assumption of ionization potential
] overestimated the doubly charged species in the case of
naphthalenel ¢ = 8.15 eV)*3 Most likely, it was the assumption
of ionization energy that failed. Supposing doubly charged
Figure 4. (a) Mass peak of the TMPD singly charged molecular ion molecular ions and fragment ions are formed from singly
at different laser intensities. Spectra are shifted vertically to provide a charged molecular ions, we can compare the total ion in
clearer presentation. (b) Full width at half-maximum (fwhm) of the experiments with singly charged ion in the ADK calculation.
TMPD singly charged molecular ion peak as a function of laser priq,,re 31 shows a comparison of the total ion yield, the sum
intensity. The dashed line indicates the spectrometer resolution of 1100. . . . .

of all ions, of experimental yields, and singly charged molecular
ion yield derived from ADK theory. They agreed well with each
other except for in the high-intensity region, due to the volume

T T T T T T
10 100 1000 10000

laser intensity / TWem™

As clearly seen in Figure 3a, the formation of doubly charged
molecular ions was very significant in the case of TMPD. The effect discussed earlier
ratios between doubly charged molecular ions to singly charged R ’ .
ones at the saturation intensity region (TMPDx210M4 W The ionization took place nonresonantly, and our experimental
cm2) are shown in Table 1. The ratio was exceptionally high 10N yle_ld was in _go_od agreement with the theoretical value
in the case of TMPD (0.9). Other amines showed relatively assuming tunnel ionization in the case of TMPD; however, the
onset of fragment ion formation and doubly charged ion et al. have studied the ionization of benzene and pyridine using
formation are complementary to each other. The small yield of & 200 f»":’l pU|Sef‘2t4§00 nm and an intensity range ef #0'% to
doubly charged molecular ions may be attributed to inefficient 2 x 10" W cm=244 Their results indicated that a multiphoton

formation, their unstable nature, and resonance-induced frag-ionization model can account for the intensity dependence of
mentation. the ion yields. Due to their low ionization potential, absorption

Comparison of Experiment with ADK Calculations. of a few pho_tons can reach Fhe ionization threshold in the case
Theoretical approaches to investigating the mechanism of ©f SOme amines. They require four photons (TMAE) and five
ionization under a strong laser light field are now rapidly Photons (DMA, TMPD), respectively. AN and FTEA have
developing; however, exact theoretical calculations are presently"€latively high ionization potentials and need six and eight
not applicable to large molecules because the degree of freedonPh0tons, respectively. The slope at the steep region below
increases rapidly as molecular size increases. The reasons fopaturation was 5 in the case of TMPD, indicating that a
the difficulty are both structural and dynamical. The multinuclei Multiphoton mechanism could also applicable. Photoelectron
and multielectron nature of large molecules breaks the sphericalSPectroscopy would elucidate the problem.
symmetry of the electronic wave functions, leading to an  Relatively Small Suppressed lonization: The Effect of
increase in complexity. Molecular versions of ionization theories Molecular Structure and Emission of the Electron Belonging
under strong laser fields for several diatomic molecules have to the Lone Pair of Nitrogen. We used the saturation intensity
been successful by considering the molecular orbitals. However, (Isa) proposed by Hankin et al., to evaluate the degree of
amines have more complex coordinates, and electron emissiorsuppressed ionization quantitativellss corresponds to the
was expected from molecular orbitals including nonbonding intensity at a certain ionization probability, which in turn
orbitals; therefore, the extension to this kind of molecule has depends on the ionization mechanism. A typical example of
not presently been in the scope of theoretical consideration. Asthe determination offsy for total ions is shown in Figure S5&a
quantitative theoretical models for large molecules are presentlyis defined as the point at which the ion yield (linear scale),
not available, the simple analytical approach of ADK formalism extrapolated from the high-intensity linear portion of the curve,
for tunnel ionization was applied in this study, although the intersects the intensity axis (logarithmic scaf&jzood linear
limitation of ADK theory has been discussed extensively. ADK lines were obtained for AN and xenon, and the intersect gave
theory simply requires the ionization potential and quantum lIsaexp Figure 5b shows the singly charged molecular ion yield
number of electrons for calculation. In the case of atoms and and ionization probability of AN derived from ADK theory.
many diatomic molecules, the vertical and adiabatic ionization The same procedure was used to determine the theoretical value,
potential is the same (or similar). However, large molecules Isa apk. Thelsa Of xenon was also used to determine the actual
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TABLE 1: lonization Potentials and Saturation lonization Intensity (lsa) of Amines

1P/ 1P/ AP/ lsaf TW cm 2

eva e eve I sat exg I sat ADKY I sat exfl sat ADK M2ZF/MTe
perfluorotriethylamine (FTEA) 11.7 121 118 110 1.1
aniline (AN) 7.72 8.05 0.33 33 25.1 1.3 0.45
N,N-dimethylaniline (DMA) 7.12 7.37 0.25 25 18.4 14 0.17
N,N,N,N-tetramethyl-1,4-phenylenediamine (TMPD) 6.20 6.75 0.55 15 13.2 1.1 0.90
tetrakis(dimethylamino)ethylene (TMAE) 5.36 5.95 0.59 16 8.17 2.0 0.44
xenon 12.13 12.13 0 110 110 1.0

a2 Adiabatic ionization potential, ref 33.Vertical ionization potential,

ref 33.The difference of vertical and adiabatic ionization potentials.

9 1sarexpWas determined for total ions in experimenits; aox was determined for singly charged molecular ions in the ADK calculati®atio of
the ion yield between doubly charged and singly charged molecular ions at the saturation intensity region (aV@itzgedytical ionization
potential was evaluated from the adiabatic ionization potential by the relat{sartical)= 0.55+ 0.995 (adiabatic). The correlation was deduced
from the data of ethylamine, triethylamine, 1-phenylpyrrolidine, 1,4-phenylenediamine, and other amines listech ab@e?(= 0.99).
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Figure 5. (a) Correlation between the total ion yiel®,(AN; ®, Xe) and the logarithm of the laser intensity. The solid linear lines are the
extrapolation from the high-intensity linear portion of the plots. The intersection with the intensity axislgi¥gs(b) lon yield and ionization
probability of AN derived from ADK theory as a function of the logarithm of the laser intensity.
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Figure 6. lsaexpas a function of ionization potential: amine®, (this
study, 0.8um, 45 fs) and organic molecules and rare gageg€f 23,

0.8 um, 44 fs). The solid line is the ADK prediction curviat apk.

The dashed line is the barrier suppression ionization intensityl{got
value) for comparison. The dotted lines are the curves of the Keldysh
parametety of certain values indicated.

intensity at the focus (linear polarized pulse). We obtained the
actual intensity by fixing the measuregh; expof Xe (the sum
of all charge states after the MCP sensitivity correction) to its
ADK value, lsat apk.

Figure 6 shows the correlation betweégex, and the
ionization potentiallsa apk, BSI (barrier suppression ionization)

intensity?® and the Keldysh parametgrat certain values are
also shown (45 fs, 800 nm) in Figure 6. The plots contain the
data of 23 organic molecules from ref 23 (44 fs, 800 nm). The
Isat Values of organic molecules were found between 15 and
180 TW cnt?2 These intensities correspond to thevalue
between 0.7 and 2. The validity region of tunneling ionization
theory in atoms could be deduced by an adiabaticity parameter
known as the Keldysh parametef8 The tunneling ionization
theory was valid wherg was smaller than 1. ADK theory was
understood to overestimate the ionization rate wheras larger
than 1, because the tunneling time for the electron became much
longer than the optical period and the quasistatic approximation
failed although the Coulomb barrier was greatly suppressed.
On the other hand, the conventional Keldysh parameter based
on the Coulomb model and the zero-range potential model was
concluded to underestimate the border between the multiphoton
ionization and tunneling ionization regimes in the case of large
molecules. Even at high values, tunneling ionization domi-
nated in aromatic moleculé&The adiabaticity parameter based
on the molecular electrostatic potential was suggested as a
molecular Keldysh parametéf The validity of the originaly
value was strongly dependent on the molecular properties. If
we intend to compare the ionization rates of molecules with
those of rare gases with the same ionization potential, we could
use ADK formalism, which well describes the ionization
behavior of rare gases. To examine the region wiésdarger
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6+ 1.5 um timated them. Among transition metals, the data that deviated
T ~~—Nb . furthest from the ADK prediction was found in niobium (the
54 7 ® this work ratio was 5.58 by 1..xm and 4.67 by 0.&m ionization)
x | A7 08um O Hankin et al. ) y L. ) y. R ' )
2 . o Guo et al. Data of frequently compared diatomic molecular pairs
:3 7 5 A Smits et al. (nitrogen and oxygen, Guo et al. &, 30 fs) are also shown
§, O in Figure 7. Nitrogen showed good agreement with ADK
E 7] a prediction, whereas oxygen deviated from the ADK prediction.
Oqjo The experimentak,;of oxygen was twice as large as the ADK-
24 @ 2 . A . - .
predicted value, indicating that the quantitative evaluation of
1 1 o% 8 X N, Ar Ne He suppressed ionization by thg;value was not so much sensitive
- Iu - than the direct comparison of raw ionization rate or yield.
6 8 10 12 14 16 18 20 22 24 26 However, the comparison of raw ionization yields gave us

qualitative information about suppressed ionization. The
index was useful to see the tendency of ionization behavior for

L ; ! exp i = a variety of species quantitatively. The degree of suppressed
calculated saturation intensititaaok @s a function of ionization o . . .
potential: amines®, this study, 800 nm, 45 fs), organic molecules ONization of many organic molecules examined by Hankin,
and rare gase<( ref 23, 800 nm, 44 fs), singly charged transiton €valuated by thés, value, was equivalent to oxygen (rato
metal ions &, refs 49 and 50, 1500 nm, 90 fs), diatomic molecules 2.0). Hankin showed that some of the molecules showed large
(@, Oz (0z"), N2 (N2¥), and Ar (Ar"), Figures 1 and 2 of ref 14, 800  deviations?® The five most suppressed molecules (rati@.5)
nm, 30 fs). were cyclohexene (3.54), 1,3,5-hexatriene (3%9),3-hexa-
diene (2.879° 1,3-cyclohexadiene (2.64), and 1,4-cyclohexa-
diene (2.54P7 respectively.

The data that deviated furthest from the ADK prediction
found in this study was that for TMAE. Thigy value was 2
times higher than the predicted values based on ADK theory.
TMPD, which has the second lowest ionization potential (6.75

estimate thelsaeq in other words, all molecules showed eV) examined in this study, did not show significant suppressed

suppressed ionization nature in comparison with rare gases With"?niz_a_ltion (ratio = 1'1)_' ch‘?f amines_ also .did not show
the same ionization potential. significant suppressed ionization behavior (ratid..5). It was

Figure 7 shows the ratio betweén; values of experiments _sur_pris_ing that t_he ionization of _molecules with very low
(Isate) and of ADK prediction (saiapK) to visualize the ionization potential could be described by ADK theory based

suppressed ionization quantitatively. These plots include the data®" @ Single active electron approximation. It was very important
obtained under different experimental conditions: amines (this that the degree of suppression was smaller than that of benzene

study, 800 nm, 45 fs), organic molecules (Hankin et al., 800 (fatio = 1.97° although all the examined amines except for
nm, 44 fs)2 transition metals (Smits et al., 1500 nm, 90430 TMAE_ and FTEA have a benzene ring. Spe(_:|al attention sh_ould
and diatomic molecules (Guo et al., 800 nm, 30°td}.should be pald_to the_case of TMAE._ The popula_t|on of intermediate
first be mentioned that a fair comparison was difficult for the States via multiphoton absorption could be included. TMAE has
following reasons: (1)ss:depends on what ions are collected & Weak absorption at 400 nm. Only two photons are necessary
(total ion or specific ion species). (2) The absolute laser intensity {0 access the diffuse Rydberg state{38),°°and an additional
determination differs (by thiw,of rare gases, focal properties, W0 photons are required to reach the ionization continuum with
etc.). Hankin reported thiga:of xenon as 1.1 1014 W cm2 800 nm pulses (2+ 2 ionization process). If the real excited
(44 fs; the experimental value was determined by the focal State was populated, competition between further ionization and
parameters) and 1.9 1014 W cm2 (ADK calculation). Smits ultrafast relaxation of the Rydberg state could have reduced the
reported thelsy; of xenon as 9.5< 10" W cm2 (90 fs; the ~ [0nization rate and, as a result, increasggd
ADK-predicted value was used as the absolute laser intensity). Recently, electron screening effects have been recognized as
In our case, thésy of singly charged xenon was derived from  an important factor affecting the ionization rate of multielectron
the ADK calculation (1.10x 10 W cm=) and used for systems, such that electron correlation should be taken into
intensity calibration. (3) Correction of MCP sensitivity for highly ~accoun€’ Supposing that not only outer electrons but also inner
charged species will change the results. (4) A wavelength- electrons were shaken by the external electric field simulta-
dependents,was reported for altrans-decatetraeng>3 The neously, the collective movement of electrons toward one side
Isat of Nb was also wavelength-dependent as shown in Figure of the potential well resulted in the repulsion of electrons and
754 Despite the difficulties in comparing absolute values in the increased the potential barrier. As a result, the tunneling of the
experiments, the relative value against the ADK prediction could outer electron was suppressed. The screening effect due to
be used to discern trends. electron correlation would be substantial as the system size
As clearly seen in the Figures 6 and 7, the ADK predictions becomes larger due to the long-range delocalizationzof
for rare gases such as Xe, Ar, Ne, and He were successful atelectrons as observed in decatetraene Sétmd several dienes
reproducing the experimental results. However, it should be which gave large suppressiéh.The origin of suppressed
mentioned that only the ionization yield of rare gases was ionization in transition metals was also explained by a screening
reproduced by the conventional theory. Smits et al. examined effect, and it was concluded that a large screening effect results
the ionization of transition metals of Ni, V, Nb, Ta, and Pd and in significant deviation of Nb, which has extremely large
observed the suppression of ionization (at &rB, 90 fs)f°50 polarizabilities. As for the suppression of multiple ionization
relative to the single active electron approximation expectations. in the silver dimer, the screening effect due to the cancellation
The ADK prediction overestimated the experimentally obtained of polarization of the outer s electron (distributed widely and
ionization rate, while the zero-range potential model underes- shaken effectively in the direction of the laser polarization) by

ionization potential / eV
Figure 7. Ratio of the experimental saturation intendify expto the

than 1, the PPT model was better than the ADK model even in
the cases of rare gastdn the case of diatomic molecules, the
MO-PPT model successfully described the ionization rate of
Cly aty = 3.519We used the ADK theory because deviation
in the low-intensity region will not affect the determination of
Isa: Apparently, both ADK theory and the BSI model under-
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the movement of inner d electrons (localized around each silver

Yatsuhashi et al.

(9) (a) Wells, E.; DeWitt, M. J.; Jones, R. Rhys. Re. A 2002 66,

nucleus) to the opposite direction against the valence s electrorg134°9- (b) DeWitt, M. J.; Wells, E.; Jones, R. Rys. Re. Lett 2001,

was found by TD-DFT calculatio?® The TD-DFT calculation
was applied for model molecul&$diatomic molecule&? and
medium-size molecules such as ethylene and befizane

evaluate the screening effect quantitatively. The growth of the L49.

potential barrier caused by the screening effect at #0'3 W
cm~2 was calculated to be 0.5 eV for ethylene and 2 eV for

benzene, respectively. In addition, electron emission from other85
) )y

orbitals besides the highest occupied molecular orbital (HOMO

7, 153001.
(10) Benis, E. P.; Xia, J. F.; Tong, X. M.; Faheem, M.; Zamkov, M.;
Shan, B.; Richard, P.; Chang, Bhys. Re. A 2004 70, 025401.
(11) Talebpour, A.; Larochelle, S.; Chin, S. 1. Phys. B1998 31,

(12) Talebpour, A.; Chien, C.-Y.; Chin, S. .. Phys. BL996 29, L677.

(13) Saenz, AJ. Phys. B200Q 33, 4365.

(14) Guo, C.Phys. Re. Lett 200Q 85, 2276.

(15) Muth-Bthm, J.; Becker, A.; Faisal, F. H. NPhys. Re. Lett 200Q

2280.

(16) Perlomov, A. M.; Popov, V. S.; Terentev, M. 8. Phys. JETP

was recently recognized as an important factor of suppressed;ggg 23 924.

ionization in large molecul€s.

(17) Ammosov, M. V.; Delone, N. B.; Krainov, V. Ba. Phys. JETP

It is possible to state the reason for the rather small (or 1986 641 1191.

comparable) suppressed ionization behavior of amines compare
to that of benzene. In the case of simple diatomic molecules,
the suppression was explained by the orbital symmetry of the

(18) (a) Keldysh, L. V.Sa. Phys. JETPL965 20, 1307. (b) Faisal, F.

. M.'J. Phys. B1973 6, L89. (c) Reiss, H. RPhys. Re. A'198Q 22,
1786.

(19) (a) Muth-Bdnm, J.; Becker, A.; Chin, S. L.; Faisal, F. M. Bhem.

HOMO:; however, such logic does not apply to large molecules Phys. Lett2001 337, 313. (b) Kjeldsen, T. K.; Bisgaard, C. Z.; Madsen,

with low symmetry. From the viewpoint of the screening effect,

the character of electrons belonging to the highest molecular

orbital should be important. The first electron emission of
DMAS2 and TMAES is from thes orbital; however, nonbonding

orbitals of the nitrogen atom contribute substantially. In the case ,,

of TMAE, the HOMO is antibonding between four nitrogens.

Suppose electrons are particularly localized on the nitrogen

atom(s) and apart from the otherelectrons in benzene (or
ethylene) moiety; the dynamics af electrons in the benzene
ring (or ethylene) could not affect the ionization of the

L. B.; Stapelfeldt, HPhys. Re. A 2003 68, 063407.

(20) Tong, X. M.; Zhao, Z. X.; Lin, C. DPhys. Re. A 2002 66, 033402.

(21) Uiterwaal, C. J. G. J.; Gebhardt, C. R.; Saen H.; Kompa, K.-
L. Eur. Phys. J. D2004 30, 379.

(22) Usachenko, V. I.; Chu, S.-Phys. Re. A 2005 71, 063410.

(23) (a) Hankin, S. M.; Villeneuve, D. M.; Corkum, P. B.; Rayner, D.
Phys. Re. Lett 200Q 84, 5082. (b) Hankin, S. M.; Villeneuve, D. M.;
Corkum, P. B.; Rayner, D. MPhys. Re. A 2001, 64, 013405.

(24) (a) Kou, J.; Nakashima, N.; Sakabe, S.; Kawato, S.; Ueyama, H.;
Urano, T.; Kuge, T.; lzawa, Y.; Kato, YChem. Phys. Lett1998 289,
334. (b) Kou, J.; Zhakhovskii, V.; Sakabe, S.; Nishihara, K.; Shimizu, S.;
Kawato, S.; Hashida, M.; Shimuzu, K.; Bulanov, S.; Izawa, Y.; Kato, Y.;
Nakashima, NJ. Chem. Phys200Q 112, 5012. (c) Shimizu, S.; Kou, J.;

nonbonding electrons. As a result, the screening effect becomediawato, S.; Shimizu, K.; Sakabe, S.; NakashimaCRem. Phys. Let200q

smaller than (or comparable to) that of benzene. If the electron

317, 609. (d) Sakabe, S.; Nishihara, K.; Nakashima, N.; Kou, J.; Shimizu,
S.; Zhakhovskii, V.; Amitani, H.; Sato, FPhys. Plasmag001 8, 2517.

emission was solely from nonbonding orbitals, the screening (e) Shimizu, S.; Zhakhovskii, V.; Sato, F.; Okihara, S.; Sakabe, S.; Nishihara,

effect would be relatively small. The suppression was not
significant in the case of FTEA. In addition, we have found
that the ionization yield of simple multiatomic molecules such

K.; Izawa, Y.; Yatsuhashi, T.; Nakashima, Bl. Chem. Phys2002 117,
3180. (f) Shimizu, S.; Zhakhovskii, V.; Murakami, M.; Tanaka, M.;
Yatsuhashi, T.; Okihara, S.; Nishihara, K.; Sakabe, S.; Izawa, Y.; Na-
kashima, N.Chem. Phys. Let005 404, 379.

as halogenated methanes can be described by ADK theory (25) Nakashima, N.; Shimizu, S.; Yatsuhashi, T.; Sakabe, S.; Izawa, Y.

within the factor of 1.1 in thdsy scale® In these cases, an

electron emission would be expected from a spherical wave ¢

function tightly located on a halogen atom. The ionization from
a lone pair orbital is presently not in the scope of ionization
theory. We hope that these results will stimulate further
theoretical consideration of ionization phenomena of large
molecules under a strong laser field.
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