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Absolute nonresonant multiphoton ionization cross section of NO at 532 nm

Chun He and Christopher H. Becker
Molecular Physics Laboratory, SRI International, Menlo Park, California 94025

~Received 9 September 1996!

The ion yields of NO molecules under irradiation of focused, high-intensity laser beams at 532 nm were
measured by a reflecting time-of-flight mass spectrometer. The intensity distributions of the laser beams at the
focal region were measured by direct imaging through a microscopic objective charge-coupled-device camera
assembly. NO does not significantly fragment under high-intensity light field when examined using two laser
systems with 6-ns and 35-ps pulse widths, the latter delivering a power density up to 1014W/cm2. The ion yield
of NO at various laser power densities was measured over three orders of magnitude, ranging from the
unsaturated region to the complete saturation regime. A multiphoton ionization model was used based on rate
equation and perturbation theory. The four-photon nonresonant multiphoton ionization cross section for NO at
532 nm was determined to be~7.160.1!3102117 cm8 s7 by fitting experimental data to the model.
@S1050-2947~97!06102-7#

PACS number~s!: 32.80.Rm
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I. INTRODUCTION

Multiphoton ionization~MPI! of atoms and molecules fol
lowed by time-of-flight ~TOF! mass spectrometry has b
come a widely used technique because of its high sensit
~ppm–ppb! and small sampling quantity~femtomole or less!
@1–8#. Its applications range from fundamental resear
such as elucidating the structure and dynamics of molecu
to industrial applications, such as quantitative trace sam
analysis.

For these applications, it is desirable to know the ion yi
of neutrals under the influence of a high-intensity light fie
because the ion yield directly influences the sensitivity a
quantitation of analytical methods. The MPI yields of atom
depend on both laser beam properties and atomic prope
From the laser beam aspect, the main influences are po
density, frequency, polarization, and pulse length; from
atomic aspect, the response to the light field is generalize
an overall quantity, then-photon cross sectionsn . The mag-
nitude ofsn depends on the wavelength and polarization,
does not depend on the laser power intensity@9#. The role
played by each of these parameters varies with the numb
photons involved in the ionization process. The cross s
tions are of fundamental value. By comparing the expe
mental values ofsn with its theoretical values, we can chec
the correctness of the theoretical models.

Extensive experimental studies on nonresonant MPI c
sections of rare gases and metal vapor atoms make it ev
that the cross sectionsn of an atom is determined mainly b
the so-calledthresholdnumber of radiation quanta,n, de-
fined by the relation

n5H V

\v
11J , ~1!

whereV represents atomic ionization potential~IP! and $x%
represents the integer part ofx @9–12#. The integern defines
the order of the MPI process. A compilation of experimen
data derived from studies on atomic MPI cross secti
shows that, for a given order of MPI process, there is
551050-2947/97/55~2!/1300~7!/$10.00
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well-limited span of values for these cross sections@9#. This
suggests that for nonresonant MPI IP is a primary factor
determining the rate of ionization, while the detailed spect
scopic characteristics and atomic energy structure may
secondary@3,10#.

However, few studies until now have investigated i
production ofmoleculesunder very intense light fields. Pre
vious research on molecules under intense light fields
concentrated on phenomena such as multiple-ionization
netics @13–15#, velocity @16–19# and angular@20# distribu-
tions of photofragmented ions, or charge distribution amo
molecular fragments@21–23#. The lack of information on
ionization cross sections of molecules under intense li
projects a clear contrast to the relatively large pool of data
atomic ionization cross sections. Attempts to derive mole
lar cross sections have been hindered by the photofragm
tation that accompanies photoionization under intense l
fields. ‘‘Counting’’ the photoions becomes complicated a
ambiguous because of the multiple possible channels
may contribute to the final ion products@24#. To our knowl-
edge, no multiphoton ionization cross section has so far b
derived for molecules.

In previous work, we studied the effect of high light in
tensity~up to 1014–1015 W/cm2! nanosecond and picosecon
pulses on small gaseous molecules~O2, N2, CO, NO, and
CO2! @25#. Generally, the experimental results showed t
photofragmentation of these molecules under such high l
fields is significant. Molecular photofragmentation is mix
with photoionization and the process is molecular spec
@26#. The detailed electronic state structure of both the n
trals and ions are crucial in determining the photoionizat
and photofragmentation patterns of these molecules. We
concluded that at the pulse range we studied~ns to ps! both
photon energy and the pulse length are important in gove
ing the photoionization and photofragmentation pathwa
However, we observed that NO is extraordinarily stable u
der the irradiation of high-intensity light when examine
with 6-ns and 35-ps lasers at 532 nm. Unlike other molecu
studied, NO photofragmentation was negligible even at
highest laser power applied. Motivated by the ‘‘atomiclike
1300 © 1997 The American Physical Society
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55 1301ABSOLUTE NONRESONANT MULTIPHOTON IONIZATION . . .
character of NO, we conducted the nonresonant MPI m
surements described in this paper using powerful ns an
pulses at 532 nm.

II. EXPERIMENT

The experimental apparatus have been described
where @3#, so only features relevant to the present expe
ments are described. We performed our experiments in
ultrahigh vacuum~UHV! chamber equipped with a high
power, 10-Hz, 35-ps Nd:YAG laser having a highest 532-
output pulse energy of 44 mJ, and a moderate power, 10
6-ns Nd:YAG laser having a highest 532-nm output pu
energy of 520 mJ. The stainless steel chamber is pumpe
a 500 l/s cryogenic pump and has a base pressure of 131029

torr without bakeout. Mass spectra were recorded usin
reflecting TOF system of 2-m effective path length with
mass resolution better than 1000.

Laser beam focusing was by a 10-cm focal length, be
form lens situated at the end of a tube inserted into the U
chamber; the lens also served as an air-vacuum window.
optimal positioning of the laser focus with respect to t
fixed mass spectrometer, the lens tube insert was mounte
a precisionxyzvacuum manipulator via a flexible metal be
lows. The laser beam travels parallel to the repeller surf
of the TOF mass spectrometer and normal to the axis of
mass spectrometer. Alignment of the focus with the ion
tics of the mass spectrometer is performed by leak
131027 torr Ar gas into the chamber and maximizing th
Ar21 ~6-ns laser! and Ar31 ~35-ps laser! signals in the mass
spectra. Photoion detection is analog by ion impact on ch
ron microchannel plates at 2.4-keV impact energy, follow
by a 100-MHz transient digitizer coupled to a laborato
computer.

Laser beam diagnostics were performed by picking
and directing a small amount of the 532-nm beam prior
focus, and directing the laser beam through an identical b
form lens and then into a microscope objective char
coupled-device~CCD! camera assembly mounted on a p
cision motionxyzstage. The intensity of the laser beam us
for imaging diagnostics was adjusted by neutral density
ters. The microscope objective enlarges the beam cross
tion at its focus plane by a fixed magnification before it
directed into the CCD camera. The magnification of the m
croscope objective and CCD camera assembly was d
mined and verified by imaging a standard test target
pinholes with known diameters. The resulting images
examined by a TV monitor through a video processing m
ule interfaced to a laboratory computer by a frame grabb

NO was leaked into the chamber through a gas doser
trolled by a leak valve. Pressure is read from an ionizat
gauge and corrected to a sensitivity factor of 1.2 as the ga
is calibrated to N2.

III. RESULTS AND DISCUSSION

In this section we first examine the laser beam profiles
focus and the near focal region as displayed by the ima
acquired by the CCD camera. We determine and characte
the focused beam profile, which is a Gaussian, with be
radiusv0 and power densityP. In the second part of this
a-
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section we report the experimental data of NO, with ca
brated laser power densities. Then we present an analy
expression of MPI yield based on rate equation and per
bation theory, and calculate ion yield curves of various M
orders. Finally we apply the theory to the experimental d
and derive the cross section of NO using nonlinear lea
squares fit. The results suggest that the MPI theory is
equate in describing the high-intensity photoionization
NO.

A. Laser intensity distribution

Figure 1~a! shows an intensity map of the laser bea
image at the focal plane acquired by the CCD camera,
Fig. 1~b! shows a planar cut through this distribution. Th
dotted line in Fig. 1~b! represents a Gaussian fit. The bea
waistv0, measured at 1/e2 of the peak intensity, is 5.3mm,
which is very close to the value of 5mm calculated using
Gaussian beam focusing theory with a prelens beam di
eter of 6 mm and a 10-cm focal-length thin lens@27#. This
result demonstrates that the laser has near-Gaussian
near-diffraction-limited beam profile at focus. Beam inte
sity images at the near focus region, which are used to ob
a three-dimensional intensity distribution, are acquired
translating thexyz stage along the axis of the laser bea
The results show that the variation of beam waist at the n
focus region is well represented by a hyperbolic curve,
expected. The high-quality beam characteristics were spe
cally beneficial to our study not only because the satura
intensity and ion yield can be expressed quantitatively a

FIG. 1. ~a! Laser intensity profile at the focus of a single puls
when the beam is focused by a 10-cm best-form thin lens.~b! Pro-
jection of intensity profile on a two-dimensional plane. The dott
line represents a best Gaussian fit.
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1302 55CHUN HE AND CHRISTOPHER H. BECKER
function of laser power density, but also because almos
the theories of high-intensity laser photoionization are ba
on the assumption that the photon flux used has a Gaus
profile.

The pulse energiesE of the lasers can be explicitly con
verted into power densitiesP or photon fluxF densities by
using the beam parameters and the pulse durations:

P ~W/cm2)51.9331011E ~mJ/pulse! ~6 ns!,
~2!

P ~W/cm2)53.3031013E ~mJ/pulse! ~35 ps!,

and

F ~photons/cm2 s!55.1631029E ~mJ/pulse! ~6 ns!,
~3!

F ~photons/cm2 s!58.8431031E ~mJ/pulse! ~35 ps!.

The averaged power density or averaged flux density o
the beam waist at focus is used to characterize the lase
cus.

B. Results of multiphoton ionization of NO

Figure 2 presents two mass spectra of NO taken at
laser power densities, 1.131014 W/cm2 and 1.731014

W/cm2. The laser pulse duration was 35 ps. NO does
fragment significantly under these conditions as eviden
by the low amounts of N1 and O1. In fact, the power density
was determined by laser intensity variation to be in the sa
ration regime, where almost all molecules within the foc
volume are ionized.~As the laser intensity increases, the si
expansion of the focal volume causes the ionization yield
increase@28#.!

FIG. 2. High-intensity nonresonant multiphoton ionization TO
mass spectra of NO, measured at laser power densities o~a!
1.0231014 W/cm2 and ~b! 1.6531014 W/cm2. The pressure of NO
is 5.331027 torr. The spectra are 200-shot averages with 30-
signal attenuation. The baseline of the analog signal is arbitrary
is the same for all spectra.
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Similar mass spectra were obtained using the 6-ns la
radiation~Fig. 3!. The top spectrum was obtained using t
6-ns laser with a flux density of 1.831032hn cm22 s21, and
the bottom spectrum was obtained using the 35-ps laser
a flux density of 6.731032hn cm22 s21. Note that the two
spectra have similar ion yields although acquired with diff
ent laser flux~or power! densities. The two spectra wer
taken with a similart~F!n value of;7310120hn cm28 s23,
wheret is the laser pulse duration,F is the laser flux den-
sity, andn is the order of the MPI and has a value of 4 f
NO with 532-nm photons irradiation.

The ion yield as a function of laser power density is plo
ted in Fig. 4. The open circles are experimental data. T
laser power densities are varied from 331012 W/cm2 to
131014 W/cm2, and the corresponding NO ion yield varie
from 90 counts to 1.43105 counts~arbitrary unit!. At lower
power densities the data fall into a straight line as anticipa
showing the unsaturated region. A linear least-squares

ut

FIG. 3. TOF mass spectra of NO obtained from~a! a 6-ns,
532-nm laser and~b! a 35-ps, 532-nm laser.

FIG. 4. Log-log plot of the variation of the ion signal intensi
as a function of the laser power densityP for NO.
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55 1303ABSOLUTE NONRESONANT MULTIPHOTON IONIZATION . . .
gives a slope of 3.97, which confirms the photoionization
NO is a fourth-order process.

C. Theoretical model

Theoretical description of the interaction of atoms w
intense laser fields fall into two regimes, MPI and tunneli
ionization. In the former, ionization is described by pertu
bation theory, and in the latter ionization is described as
ac tunneling process over atomic potential barriers. The
regimes are differentiated by the Keldyshg parameters@26#.

g5S V

2U D 1/2, ~4!

whereV is the zero-field ionization potential andU is the
ponderomotive potential of the laser. The ponderomotive
tential is the average kinetic energy of an electron and
given explicitly by

U ~eV!59.33310214I ~W/cm2! l ~mm! ~5!

The MPI regime correspondsg value.1 and the tunnel-
ing ionization regimeg,1. Theg values corresponding to
the laser power densities used in the data reduction are
tween 7.65 ~I5331012 W/cm2! and 1.32 ~I5131014

W/cm2!, indicating that the MPI model is more appropria
for describing the experimental results.

The model developed for the experiment is a kine
model based on single ionization with an ionization ra
given by perturbation theory. From perturbation theory,
relationship between the ionization rate and the laser
intensity below saturation is@9,28,29#

G5snF
n, ~6!

whereG the ionization rate in units ofs21 andF(x,y,z,t) is
the photon flux density in units ofhn cm22 s21, andsn is the
cross section in units of cm2n s2n21.

The ionization rate determines the ion production rate
ion yield, with which the ion concentrationNi grows at a
given point in space:

dNi

dt
5G~N02Ni !, ~7!

whereN0 is the initial concentration of neutral atoms. With
the laser pulse durationT, the ion yield reaches the value

Ni5N0F12expS 2E
T
GdtD G , ~8!

while the total number of ions produced within the who
volume of laser profileS is

Ni5N0E
s
F12expS 2E

T
G dtD Gdx dy dz. ~9!

When the laser is operated in the TEM00mode, the spatia
and temporal distributions of the laser flux density can
separated and expressed as

F~x,y,z,t !5I mF~x,y,z!G~ t !, ~10!
f
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whereI m is the maximum intensity,F is the function giving,
in relative values, the intensity at the point (x,y,z) normal-
ized to unity at~0,0,0!, andG is the normalized tempora
intensity distribution. Therefore, the time integration ov
ionization rate can be simplified as@28#

E
T
Gdt5snIm

n Fn~x,y,z!tn , ~11!

where

tn5E
T
Gn~ t !dt52n21

~n21!!

~2n21!!
t ~12!

and

t5E
T
G~ t !dt. ~13!

If we define saturation intensityI sat as the intensity at the
spatial peak of the pulse (F51) for which the argument of
the exponential reaches unity,

snI sat
n S 2n21

~n21!!

~2n21!! D t51, ~14!

the ion yield can be expressed as

Ni5N0E
s
H 12expF2S I mF~x,y,z!

I sat
D nG J dx dy dz. ~15!

When the focusing lens is spherical, the normalized inten
distribution functionF(x,y,z) is symmetric about the beam
propagation directionz and Eq.~15! can be rewritten as

Ni5N02pE
s
H 12expF2S I mF~r ,z!

I sat
D nG J r dr dz. ~16!

Practically, not all the ions produced are detected beca
of the limited aperture size of the ion optics of the TOF ma
spectrometer, the less than 100% transmittance of the s
trometer, and the analog detection of the ion signal. If
generalize these effects by an overall detector gain factoA,
the ion signal intensityI i is

I i5ANi5AN02pE
s
H 12expF2S I mF~r ,z!

I sat
D nG J r dr dz.

~17!

When the spatial distributionF(r ,z) is known, Eq.~17! pro-
vides a direct comparison of the experimental results w
the theory. The integration is over the space within which
ions are detected.

Figure 5 shows MPI yields as a function of the laser de
sity for variousnth-order processes, at 532-nm radiation w
6-ns pulse width. The calculation is based on Eq.~17! with
beam parameters obtained from the beam diagnostic m
surement and a beam truncation of 4 mm along thez ~laser
propagating! direction. The cross sectionssn used are from
Ref. @9#.
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1304 55CHUN HE AND CHRISTOPHER H. BECKER
D. Cross section of NO

Because the experimental data extend into both the un
urated and saturated regions, fitting the data to the mo
expressed in Eq.~17! and plotted in Fig. 5 eliminates th
need for absolute knowledge of the number of ions form
The overall gain factorA and the cross sectionsn can be
adjusted independently to achieve the fit. The nonlinear
ting procedure used here is Margquardt method@30#.

Special attention was paid on the ionization volum
which defines the integral in Eq.~17!. Because of the con
fined geometry of the electrostatic optics of the TOF m
spectrometer, not all the ions generated were collected.
performed ion trajectory calculations based on electrost
fields produced by our ion extraction optics, using t
SIMION 4.0 program@31# to access the segment of the ioniz
tion volume within which the ions are extracted into the TO
mass spectrometer and detected. The results show a s
truncation along the laser beam propagation direction defi
by the size of the aperture of the ion extractor. This trun
tion in turn can be defined by the spatial distribution functi
F(r ,z) as

F~r ,z!5H F~r ,z! uzu<zcrit

0 uzu>zcrit
, ~18!

wherezcrit is a critical value ofz determined by the apertur
of the ion extractor of the TOF mass spectrometer.

The experimental data and the result of data fitting
presented in Table I and plotted in Fig. 6. The agreem
between the experimental data and the calculated curv
excellent, judging both from a visual inspection of Table
and Fig. 6 and from thex2 value of 0.159 from the fitting
procedure @30#. The cross section of~7.160.1!3102117

cm8 s7 is also in the range of the cross sections measured
four-photon ionization of atoms listed in Table 2 of Ref.@9#.

E. Discussion

The electronic spectrum of nitric oxide has been ext
sively studied@32# and its excited states are among the b
known of any molecule. Its ground-state electronic struct
consists of a single loosely bound electron outside of a fi

FIG. 5. Relative ion yields as a function of laser power dens
for different orders of nonresonant multiphoton ionization p
cesses, calculated using Eq.~17!.
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core. We speculate the observed stability of NO is origina
from NO1, which has a closed-shell electronic configuratio
Studies on the ionization and dissociation dynamics of N2,
O2, and CO molecules concluded that the atomic ions
fragmented from their parents singly and multiply charg
ions @16–18#.

Because nitric oxide is essentially the molecular analo
of an alkali atom, the excited states consist largely of R
berg states, where the weakly bound electron is in
atomiclike orbital. Almost uniquely among molecules, t
electron transition probabilities follow atomiclike selectio
rules, tempered by molecular angular momentum constra

y
-

TABLE I. Experimental and nonlinear least-squares fitted v
ues of NO MPI yields at different laser power densities.

Laser power
density

~1012 W/cm2! Experiment
Theoretical

fit

100.1 139 920 124 517
94.3 132 720 121 781
89.1 126 590 119 170
84.5 121 030 116 718
79.9 115 700 114 128
74.3 110 500 110 792
67.4 106 370 106 283
59.3 103 050 100 395
52.2 95 920 94 500
47.7 93 330 90 415
43.1 87 520 85 728
38.7 82 390 80 751
34.1 77 210 74 934
30.2 70 040 69 281
27.5 61 970 64 177
24.3 43 340 55 089
20.8 29 930 41 014
14.6 14 290 14 275
11.5 7 200 5 994
7.7 1 280 1 233
6.5 500 637
3.8 90 78

FIG. 6. Experimental data of NO ion yields and theoretical fitt
values using Eq.~17! as a function of laser power densityP.
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55 1305ABSOLUTE NONRESONANT MULTIPHOTON IONIZATION . . .
with the highest occupied orbital in the ground state act
very much like ad orbital.

With an equivalent energy of 2.33 eV for the 532-n
photons, two-photon resonance channel in the four-pho
ionization of nitric oxide is immediately eliminated becau
the lowest excited state of NO, theA2(1 state, has a stat
origin Te543 965.7 cm21, or 5.451 eV@33#. However, there
are potentially intermediate photon-electron state interact
at three-photon resonance with low vibrational bands
C2)1 andD2(1 states in thenp Rydberg series and ver
high vibrational bands ofB2)1 state@33#. These interactions
impose the possible existence of channels of both reson
enhancement of the four-photon ionization and photodis
ciation. Detailed examination by Guest and Lee@34# on the
absorption and fluorescence studies of NO between 6
and 9.183 eV show that the summed energy of three pho
slightly overlaps withB2)1~12!←X2)1~0! band. TheB2)1

state of NO is known to predissociate strongly above the
dissociation limit~6.478 eV! @33#. The observed atomiclike
characteristics of NO under high laser intensity MPI is pro
ably due to the long lifetime of>14 ns of theB2)1~12! state
compared with the MPI process@35#.

Zakheim and Johnson@36# studied two-photon and three
photon resonances in the four-photon ionization spectrum
nitric oxide, using a nitrogen laser pumped dye laser. T
characteristics of the dye laser was 6 ns in pulse width, 1
cm21 in bandwidth, and a maximum power density of abo
1010W/cm2. The laser was scanned between 405 and 485
to meet resonances at three-photon energies. The resu
three-photon resonance, four-photon ionization cross
tions vary from 23102102 to 53102100 cm8 s7, depending on
energy levels in resonance@36,37#. These values are muc
larger than the cross section we obtained here.

It is worth mentioning that the 6-ns pulses of th
Q-switched Nd:YAG laser used in the present experim
contain multiple modes fluctuating in intensity random
with time, which is obviously in conflict with the assumptio
of a steady, hyperbolic-secant-squared temporal profile u
-
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to derive Eqs.~12! and ~13!. In this regard, the correspon
dence between results shown in Fig. 3, obtained with the
lasers, is to some degree fortuitous. The ideal approach
perform a measurement of the laser temporal distributi
for a statistically large enough number of pulses. The av
aged value of subsequent temporal integrations of the pu
should be used to replace thetn value used in Eqs.~11! and
~12!.

IV. CONCLUSIONS

We examined the nonresonant multiphoton ionization
NO using TOF mass spectrometry atl5532 nm as a func-
tion of laser power density in the range of 1012<P<1015

W/cm2 using a 6-ns and a 35-ps Nd:YAG laser. To quan
tatively facilitate this investigation, we acquired intensi
distribution profiles of the laser beam at its focus and n
focal regions. The three-dimensional intensity images sh
near-Gaussian, near-diffraction-limited light intensity dist
butions. NO does not fragment when the power dens
reaches 1014 W/cm2. The extraordinary stability of NO en
ables us to extract the MPI cross section of NO and make
possible to directly compare the experimentally measu
ion yields with those predicted by theory. We developed
rate equation kinetic model of multiphoton ionization, whic
assumes single ionization by a direct process to determ
the MPI cross section. We found that the cross section
nonresonant multiphoton ionization of NO is very close
the values obtained for atoms that require four-photon i
ization.
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