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The strong field photoelectron spectroscopy of acetylene: Evidence
for short-lived 4 p gerade states via electric field-induced
resonance-enhanced multiphoton ionization

Noel P. Moore and Robert J. Levisa)

Department of Chemistry, Wayne State University, Detroit, Michigan 48202

~Received 10 September 1999; accepted 13 October 1999!

We report the intense field photoelectron spectra of acetylene, excited using 780 nm, 135 fs
radiation for intensities ranging from 5.7 to 8.631013W cm22. Three features observed at 1.59,
1.95, and 2.13 eV are repeated at higher energies throughout the spectra as above threshold
ionization features. A method for analysis of the spectra and assignment of peaks is presented, based
on intensity dependent shifting of intermediate states and ponderomotive shifts of the ionization
potential. We present evidence for the observation of previously unobservedgeradestates in the
region of 9.81–10.35 eV. ©2000 American Institute of Physics.@S0021-9606~00!00702-9#
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The photoelectron spectroscopy of polyatomic m
ecules exposed to intense (.1013W/cm2), near infrared ra-
diation provides a basis for understanding the propertie
molecules in regimes where the electric field of the lase
on the order of the field binding valence electrons to nuc
This relatively unexplored area is expected to involve St
shifting of excited states,1 massive shifting of ionization po
tentials~IP!,1 above threshold ionization~ATI !,2 and tunnel
ionization.3 Similar investigations of atomic systems r
vealed evidence for ATI,2 Freeman resonances,4 and shifting
of the ionization potential to the full ponderomotive potent
of the laser.5 In this report, we focus on the intense fie
photoelectron spectroscopy of a polyatomic molecule, ac
lene, C2H2. This molecule is investigated because of the re
tive simplicity of the single photon photoelectron spectr6

displaying well-separated peaks with little vibrational stru
ture due to significant Franck–Condon overlap betwe
ground state neutral and ionic systems. Additionally,
sought a molecule for which the spectroscopy is reason
well understood at high excitation energies.

Much work has been done with low intensity
(,107 W cm22) nanosecond lasers to elucidate the high
ing electronic states of acetylene.7–16 Ungeradestates have
been observed at 5.23,17 6.71,18 8.16,19 and 9.24~Ref. 19! to
10.59 eV,15 as shown in Fig. 1. Previous work has chara
terizedgeradestates in the energy region 9.02 eV–9.62
~Refs. 11, 12! and in the region very close to the ionizatio
limit of 11.4 eV.15 It has been suggested that a fast nonra
ative decay channel exists above about 9.4 eV, inhibiting
observation of higher lyinggeradestates.11,15 All previous
spectroscopic investigations have been performed in the
turbative limit, that is where the electric field of the las
causes a small perturbation to the field-free molecular Ha
tonian. Thus in the previous work, the laser frequency m
be tuned to probe various excited states. In the intense-
limit, the electric field of the laser causes a significant p

a!Author to whom correspondence should be addressed. Camille Dre
Teacher–Scholar and Sloan Fellow.
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turbation to ~with shifts of! the corresponding electroni
states of the molecule. This allows a novel state-selec
spectroscopic interrogation of the molecule via field-induc
resonance-enhanced multiphoton ionization~FIREMPI!, us-
ing only the fundamental frequency of the laser. Here,
study the intense field photoelectron spectra of C2H2 using
ultrafast, near infrared laser pulses. From the measured
toelectron spectra and their intensity dependence we pre
evidence for the observation ofgeradestates in the region
9.81–10.35 eV.

The experimental apparatus20 consists of a 10 Hz,
regeneratively-amplified 780 nm, Ti: sapphire femtoseco
laser system capable of producing energies of 1.5 mJ/pu
with a pulse duration of 135 fs. The laser was focused to a
mm diam spot size using a 20 cm focal length lens. Pho
electron spectra were collected using a linear time of fli
system with am-metal shielded ionization and drift region
C2H2 gas was leaked into the chamber at a pressure of
31025 Torr. The background pressure of the chamber w
331028 Torr.

The photoelectron spectrum for C2H2 excited using 5.7
31013W cm22, 780 nm radiation is shown in Fig. 2~a!.
There is a triplet of peaks visible in the low energy region
the spectrum, whose constituent members have kinetic e
gies 1.59 eV, 1.95 eV, and 2.13 eV. The triplet is repeate
higher kinetic energies as a result of higher order ATI
denoted by the vertical dashed lines. The energy spa
between any constituent peak and the next ATI feature is
photon energy, which at 780 nm is 1.59 eV. Figures 2~b! and
2~c! shows the photoelectron spectra obtained at higher
ues of laser intensity corresponding to 6.8831013W cm22

and 8.6131013W cm22, respectively. The relative intensit
of a feature in the triplet is observed to vary as a function
laser intensity. At higher intensity, the lowest energy feat
~1.59 eV! increases in cross section, while the feature at 2
eV diminishes.

To determine the origin and fluence dependence of
features observed in the intense laser photoelectron s
trum, we assume that an intermediate state shifts into re

us
6 © 2000 American Institute of Physics
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1317J. Chem. Phys., Vol. 112, No. 3, 15 January 2000 Strong field photoelectron spectroscopy
nance with somel photon excitation process.21 Shifts of sev-
eral electronvolts are possible at the laser intensi
employed here. The resonantly excited molecule then
sorbsm additional photons to exceed the ionization poten
~IP! ~which has also undergone a field-induced shift to hig
energies!. It is important to note that the energy of thel
photon resonance can exceed the field free IP. This is
cause the IP can be shifted to some higher, intensity de
dent value, IP8(I ), by any fraction of the maximum, inten
sity dependent ponderomotive potential@Up(I )# as given by

Up~ I !5
e2E0

2

4mev
2 , ~1!

where e is the fundamental charge,E05(2I /«0c)1/2 is the
electric field of the laser,me is the electron mass andv is the
angular frequency. Given the ionization potential of ace
lene ~11.4 eV! and the maximum ponderomotive shift o
tainable from our laser~4.9 eV!, we need only consider the 6
7, 8, and 9 photon resonances as shown in Fig. 1. The in
sity of a given feature as a function of laser intensity is a
important. Bucksbaumet al.21 have shown that states shi
through a continuum of energies as the laser pulse oscill
in intensity as shown in the inset to Fig. 1. Furthermo
states shifting intol-photon resonance by a value close to t
maximum ponderomotive potential spend the most time
resonance leading to an enhancement of signal. To ass
feature we analyze all states lying within the maximum po
deromotive shift of thel photon resonance and calculate t
expected electron kinetic energy for each. States that co
spond to the observed features are then analyzed for a
tensity dependence in light of the shift required f
resonance.

The procedure for assigning the origin of the observ
features begins with the Hamiltonian for a free-electron
teracting with a radiation field,

FIG. 1. Energy level diagram for acetylene. Rydberg states calculated
Estate5IP2RM /(n2d)2, where RM513.6055 eV, IP511.4 eV, and d
51.25 for s levels, 0.6 forp levels, and 0 ford and f levels. ~a! Includes
3d 1Fu , 4s 1Pu , 3d 1Pu, 3d 1Du , 3d 1Su

2 , 4d 1Fu , 5s 1Pu , 4d 1Pu .
~b! Includes 3p 1Pg , 3p 1Dg , 3p 1Sg

2 , 3p 1Sg
1 , 3d 1Pu , 3d 1Su

1 .
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@p2~e/c!A#2

2me
5

p2

2me
2

e

2me
~p•A1A•p!

1
e2A2

2mec
2 , ~2!

where p is the conjugate momentum andA is the vector
potential of the radiation field. It has been shown22–24 that
the A2 term will affect all states of the atomic or molecula
system equally, raising the ground state and continuum st
by a similar amount. This alone will change neither the a
parent IP nor create any field-induced resonances. TheA–p
term however, shifts the ground state and states near
continuum by different amounts. Excited states near the i
ization potential have negligibleA–p shift. The ground state
~if separated from excited states by many eV and if IP@hn!
experiences a negative shift of magnitude slightly grea
than the ponderomotive potential.22–25This causes the appar
ent increase in the IP and an apparent shift in the ene
required to excite to intermediate states. For states near th
7, 8, and 9 photon resonances in acetylene, we assume

m

FIG. 2. The photoelectron spectra of acetylene obtained as a function o
nm laser intensity. The scaling factors are 0.25:1:1 for a, b, c, respectiv
~a! Photoelectron spectrum of acetylene obtained using 780
5.7431013 W/cm2 ~corresponding to a maximum ponderomotive potent
of 3.3 eV!. ~b! Photoelectron spectrum of acetylene obtained using 780
6.8831013 W/cm2 ~corresponding to a maximum ponderomotive potent
of 3.9 eV!. ~c! Photoelectron spectrum of acetylene obtained using 780
8.6131013 W/cm2 ~corresponding to a maximum ponderomotive potent
of 4.9 eV!.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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shift is equal to that for continuum states, although it is
knowledged that a calculation is required to estimate the
tual shift.24,26 The calculated photoelectron kinetic energ
are compared with the measured values to elucidate the
termediate states giving rise to features. To determine
possible kinetic energies for electrons ejected during inte
laser ionization, we first calculateUp8(I ), the shift required
for a given state to achievel-photon resonance,

Up8~ I !5 lhn2Estate, ~3!

whereEstateis the field-free energy of a given state.Up8(I ) is
defined because resonance may occur at any intensity u
that providing the full ponderomotive potential. The IP of t
system is shifted simultaneously in the laser field by

IP8~ I !5IP1Up8~ I !. ~4!

Thus, the kinetic energy of the photoelectron generated
absorbingm additional photons above thel photon resonance
is

Efeature5~ l 1m!hn2~ IP1Up8~ I !!. ~5!

We examine all possiblel-photon resonances and consid
whether a given resonance is possible. Often it is eas
eliminate somelhn resonances, as they would require a po
deromotive shift greater than the maximum available for
intensity of the laser employed or would require shifting o
state from a well-characterized region where none are kn
to exist. From here, we examine the selection rules to de
mine which candidate states have the proper symmetr
allow excitation. We note that acetylene is a centrosymm
ric molecule belonging to theD`h point group and has a1Sg

1

electronic ground state. ThePu symmetry representation fo
the electric dipole operator allows all states to be excited
principle for resonances requiring four or more photons. T
parity selection rule, however, provides an important rest
tion. The selection ruleg↔g(u) applies to all processes in
volving an even~odd! number of photons.

It is proposed that the 1.59 eV feature is the first A
peak of a lowest order MPI feature that should be obser
at 0 eV. We do not expect to see a 0 eVkinetic energy peak,
or any peaks with kinetic energies below about 0.5 eV,
these are precluded by the instrument response functio
(614) photon transition@Up8(I )52.91 eV# would require a
geradestate at 6.63 eV by Eq.~3!. In the well-characterized
region below 9.4 eV, no such states have yet been obser
To allow a (713) photon transition@Up8(I )52.91 eV#, an
ungeradestate at 8.22 eV is required. There is one poss
ungeradestate in this region, corresponding to the 3s 1Pu

state at 8.16 eV.19 For an (812) photon process (Up8
52.91 eV) ageradestate in the region of 9.81 eV is re
quired. All states previously observed in the region of 9
eV areungerade.15,19 However,geradestates above 9.4 eV
have not yet been well characterized. The (912) photon
transition@Up8(I )54.5 eV# requires anungeradestate at 9.81
eV. This region is well characterized forungeradestates and
none have previously observed around 9.81 eV.15,19 The
maximum available ponderomotive shifts in Figs. 2~a! and
2~b! are 3.3 eV and 3.9 eV, respectively. The nine pho
resonant process requires aUp8(I ) of 4.5 eV yet the 1.59 eV
Downloaded 23 May 2007 to 129.32.36.145. Redistribution subject to AI
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feature is present in all spectra. We conclude that the
12) photon process cannot be active in these spectra.

The peak observed at 1.95 eV is taken to be the first A
feature of an expected MPI peak with 0.36 eV of kine
energy. The (614) photon process@Up8(I )52.55 eV# would
require the existence of ageradestate at 6.99 eV. No such
states have yet been observed in this well-characterized
gion. The (713) photon process@Up8(I )52.55 eV# requires
the existence of anungeradestate at 8.58 eV. Again, in this
well characterized region, no such states have yet been
served. For an (812) photon case@Up8(I )52.55 eV# a ger-
ade state in the region 10.17 eV is required. Thus far, t
only observed states in this region areungerade.15 However,
geradestates may also exist in this region, as detailed s
sequently. The (912) photon transition@Up8(I )54.14 eV#
would require anungeradestate in a well-characterized re
gion at 10.17 eV, where none have been observed.
Up8(I ) required suggests that the (912) process would not
be active at all intensities. Since the feature is observed w
Up8(I ) as low as 3.3 eV, the (912) photon possibility is
eliminated.

The peak observed at 2.13 eV is taken to be the fi
order ATI peak of the peak with 0.54 eV of kinetic energ
The (614) photon process@Up8(I )52.37 eV# would require
the existence of ageradestate in a well-characterized regio
at 7.17 eV, where none have been observed. The (713)
photon process@Up8(I )52.37 eV# requires the existence o
an ungeradestate at 8.76 eV. No such states have yet b
observed in this well characterized region. For an (812)
photon case@Up8(I )52.37 eV# a geradestate in the region of
10.35 is required. Nogerade states have previously bee
observed in this region. However,geradestates may also
exist in this region, as detailed subsequently. The (912)
photon process@Up8(I )53.96# requires anungeradestate in
the well-characterized region at 10.35 eV where none h
been observed. The ponderomotive potential of the (912)
process also eliminates this as a possibility.

The seven and eight photon resonances are the m
likely candidates for the origin of these features. There
two possible states that might account for the 1.59 eV f
ture. The first is the 3s 1Pu state mentioned earlier that co
responds to a (713) photon resonant process. The second
a 9.81 eVgeradestate that would correspond to an (812)
photon resonant process. Ashfoldet al.12 have suggested tha
detection of short livedgeradestates corresponding tonp
(n54 – 7) Rydberg series in the region above 9.42 eV m
be precluded by rapid nonradiative decay channels w
nanosecond excitation is employed. To determine poss
Rydberg states in the relevant energy region, we have car
out a simple quantum defect calculation26 using the equation,

Estate5IP2
RM

~n2d!2 , ~6!

whereRM is the mass-corrected Rydberg constant havin
value of 13.6055 eV, IP511.4 eV andd, the quantum defec
has a value of 1.25 fors levels, 0.6 forp levels, and 0 ford
and f levels for C2H2.

26 The calculated Rydberg energy lev
els have been included in the energy level diagram prese
in Fig. 1 and are also listed in Table I. The ordering of thep
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



s
V
e
is
th

d
er
n-

3
,
um
o
m
.8

-

-
e
tia
s
re
en

d

ea
ng
ra
l
g
o
m

II.

res
2.37
tial
en-
her
xi-
is

he

eV
i-

al

ros-
nd
dent
rve
n-

rved
as-

nce

fus
ille
uld
g

ky,

ev.
.
d

ma-

ath,

1319J. Chem. Phys., Vol. 112, No. 3, 15 January 2000 Strong field photoelectron spectroscopy
states within a givennp level is1Pg ,1Dg ,1Sg
2 ,1Sg

1 in order
of increasing energy as shown fromab initio studies.16 The
1Pg origin of the 3p Rydberg series is 9.038 eV. While it i
possible that higher 3p states may account for the 1.59 e
feature, the1Sg

1 state is likely to be too low in energy. Th
1Pg origin of the 4p Rydbergs series is 10.223 eV. It
possible that the 1.59 eV feature could correspond to
4p 1Pg state.

The 1.95 and 2.13 eV features cannot be attributed
any ungeradestates in the well-characterized region exten
ing nearly to the ionization limit. Therefore, we consid
whether short-livedgeradeRydberg states may be respo
sible for these. The 4p Rydberg series~10.223 eV!, is likely
to contain the appropriategeradestates for the 1.95 and 2.1
eV features. Althoughgerade fstates have been observed15

we eliminate this possibility on the basis that the quant
defect energy for the lowest 4f series is 10.54 eV. This is to
high to account for all observed features. Given the co
bined calculation and experimental error, the states at 9
10.17, and 10.35 eV may all belong to the 4p Rydberg se-
ries. The 9.81 eV feature may arise from the1Pg state, the
10.17 eV feature from the1Dg , state and the 10.35 eV fea
ture from the1Sg

2 state.
Examination of Figs. 2~a!–2~c! reveals that the inte

grated signal of the 1.59, 1.95, and 2.13 eV features dep
on laser intensity. As the maximum ponderomotive poten
increases from 3.3 to 4.9 eV, the feature at 1.59 eV increa
in intensity by approximately a factor of 11, while the featu
at 2.13 eV remains constant or slightly declines. This int
sity dependence suggests that the 1.59 eV state does
originate from the (713) photon process if the 1.95 an
2.13 eV features arise from an (812) photon transition. This
is because the 8 photon resonant excitations should incr
more rapidly than the 7 photon transition with increasi
laser intensity. The 1.59 eV feature increases the most
idly. This suggests that the 1.59 eV feature has equa
higher order than the 1.95 and 2.13 eV features. Assumin
photon transitions for all these features, we capture the
served intensity dependence by considering the pondero

TABLE I. Calculated and measured state energies for acetylene.

Energy~eV! State Ref. Calculated QD energy~eV! Series

10.591 4d 1Pu 15 10.697 5p
10.567 5s Pu 15 10.54 4d/ f
10.556 4d 1Fu 15 10.432 5s
10.05 3d 1Su

2 16 10.223 4p
9.998 3d 1Du 15
9.976 3d 1Pu 15
9.933 4s 1Pu 15
9.911 3d 1Fu 15 9.888 3d/ f
9.27 3d 1Su

1 19 9.601 4s
9.24 3d 1Pu 19
9.24 3p 1Sg

2 16
9.21 3p 1Sg

1 12
9.02 3p 1Dg 12 9.038 3p
8.91 3p 1Pg 16
8.16 3s 1Pu 8
6.71 1Du 18 6.957 3s
5.23 1Su

2 18
0.0 1Sg

1
¯
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tive shifts required for each transition as listed in Table
States which shift into resonance at higher values ofUp8(I )
are in resonance longer as the maximumUp of the laser
increases. The ponderomotive shifts required for the featu
at 1.59, 1.95, and 2.13 eV features are 2.91, 2.55, and
eV, respectively. As the maximum ponderomotive poten
available increases from 3.3 to 4.9 eV, we expect the int
sity of the 1.59 eV feature to increase relative to the ot
two. This is found to be the case. Conversely, at the ma
mum ponderomotive shift of 4.9 eV, the 2.13 eV feature
diminished. From this intensity trend we conclude that t
1.59, 1.95, and 2.13 eV features arise from an (812) photon
transition. Since the intensities of the 1.59, 1.95, and 2.13
features vary independently with laser intensity, we elim
nate the possibility of the triplet representing vibration
structure within a given Rydberg state.

We have studied the strong field photoelectron spect
copy of C2H2. We have outlined a method for analysis a
assignment of such spectra based on intensity depen
shifting of intermediate states into resonance. We obse
ATI features originating at 1.59, 1.95, and 2.13 eV. We co
clude that the intermediate states are previously unobse
geradestates in the region of 9.81–10.35 eV and are
signed to an (812) photon process.
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