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Two-photon ionization of hydrogenic atoms with principal quantum number n =8 has been stud-
ied experimentally over the wavelength range 10.45—10.59 um. The ionization was resonantly
enhanced by the n =12 intermediate state, with a large n =8 to n =12 coupling responsible for a
fractional resonance width of about 0.1%. On resonance, ionization rates of order 10 MHz were
achieved with nominal 2-mJ, 40-nsec laser pulses, with 40 mJ being required at wavelengths 1%
away from resonance. The data are interpreted in terms of the extended two-level model for multi-
photon ionization. The peak laser electric field strength reached values where the top of the instan-
taneous potential energy barrier was near the intermediate-state energy value.

I. INTRODUCTION

The lower highly excited states of atoms and molecules
can be ionized by the absorption of a few quanta of in-
frared radiation at wavelengths in the 9—11 yum region of
operation of carbon dioxide gas lasers. In the hydrogenic
atom, the levels energetically open for two-photon ioniza-
tion have principal quantum number of values of n=38, 9,
and 10. Some typical transitions are shown in Fig. 1. The
n=17 level can be ionized by the absorption of three quan-
ta (k=3), while the n=6 level requires four quanta.

Theoretical predictions of the multiphoton ionization
rates for such processes have been restricted to perturba-
tive calculations for the two-photon ionization of excited
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FIG. 1. An energy-level diagram of some excited-state energy
levels of the hydrogen atom, indicating some typical resonant
two-photon ionization processes that can occur in the wave-
length region 9—11 um.

hydrogen atoms with known principal quantum number,
with an average being taken over the remaining quantum
numbers of the atom."? Within the realm of conventional
perturbation theory, a quantum calculation that exactly
includes all intermediate states was reported by Justum
and Maquet, who utilized a pseudostate approach to both
eliminate the continuum contribution and to make the
summation over the infinite bound states tractible.! A
perturbative quasiclassical calculation by Berson has pro-
duced an analytical result that is in excellent agreement
with the perturbative quantum results.? In the fast-atom-
beam experiments to be described, atoms were present in
the beam with a distribution of principal quantum num-
bers. Assuming this distribution were to be uniform,
Berson’s formula would predict the wavelength depen-
dence of our overall two-photon ionization signals from
the summed two-photon ionization cross section shown in
Fig. 2. The resonance contributions from n=38, 9, and 10
appear at different wavelengths. For cross-section values
above 10~2* cm*/W, which produce observable ionization
for laser-pulse energies less than 100 mJ in our experi-
ments, the n =8 signal is expected to dominate at most
wavelengths between 10.45 and 10.59 pm, both because of
unusually large matrix elements for the bound-bound first
transition to an unusually low-lying intermediate state,
and because of an unusually large and near-threshold
intermediate-state photoionization cross section.

The theoretical curves of Fig. 2 are inaccurate, primari-
ly in that unmodified perturbation theory does not yield
the widths and shifts of the resonances; the near-
resonance ionization cross section is grossly overestimated
and incorrectly becomes infinite on resonance. Although
general theory has been developed for the corrections to
two-photon ionization perturbation theory that provide
values for the laser-intensity-dependent widths and shifts,’
it has not yet been applied to the present problem. We
therefore shall use the nonperturbative extended two-level
semiempirical model* in analyzing and interpreting our
experimental results. This model describes the two-
photon ionization in terms of a Lorentzian resonance for-
mula that contains dependences on the individual rates for
the bound-bound and bound-continuum one-photon steps
for the overall ionization process, and includes laser band-
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FIG. 2. Perturbative quasiclassical predictions for the two-photon ionization cross section summed with equal weights over the
n =8—10 range of states present in the atomic beam. Approximate 40 nsec laser pulse energies for 60% ionization probability are in-

dicated on the right hand scale.

width modifications to approximately account for a non-
monochromatic laser field. This does not account proper-
ly for the multimode characteristics of the laser beam
used in our experiments, although such effects on the res-
onance rate, width, and frequency shift are expected to be
relatively small for the low-order two-photon ionization
case.>®

The only reported experimental observation of apparent
CO,-laser two-photon ionization of excited atomic states
was the reduction in strength of Balmer emission lines
from a hydrogen discharge when exposed to laser radia-
tion at a single wavelength.” This was noticed during a
study of the laser-induced optical Stark shifts of those
Balmer lines, undertaken for a first rough comparison
with the perturbative predictions for the laser-induced
quasienergy state spectrum made by several investiga-
tors.®~!! We also shall be concerned with the question of
optical Stark shifts of the two-photon ionization reso-
nance wavelength value; these may be estimated by the
quasienergy-state spectral line shifts, but, in general, the
two types of shifts are not expected to be the same.’ In
particular, uncorrected perturbation-theory values for the
shifts are not expected to apply at wavelengths near
intermediate-state resonances.

II. DESCRIPTION OF THE EXPERIMENTS

Qur experimental technique utilized collinear pulsed
TEA CO, laser and fast-excited-deuterium-atom beams,
with the laser wavelength being tuned both by changing
the laser line and by changing the atom velocity to vary
the Doppler effect.!? Figure 3 shows a schematic diagram
of the apparatus, which contains as principal components
(1) a 5—30-keV deuteron beam source and accelerator, (2)

a freon-gas charge exchange scattering cell for collisional-
ly transferring electrons from freon molecules to the fast
deuterons passing through, (3) a pulsed-CO,-laser oscilla-
tor amplifier system that produces an unfocused infrared
light beam propagating collinear and opposite to the fast-
deuterium-atom beam, (4) a magnet for selecting the pho-
toionization product fast deuterons and directing them
into a particle multiplier, and (5) a computer-controlled
electronic data-acquisition system for measurement of the
product deuteron count rates on a laser shot-by-shot basis
first for the laser light off and then after exposure to the
laser pulse.

The deuteron ion beam source and accelerator was a
High Voltage Engineering Corp. model CN Van de
Graaff accelerator with the usual radio-frequency gas
discharge ion source, but with the terminal charging sys-
tem normally used to provide the high voltage replaced by
a voltage-regulated high-voltage power supply. This sys-
tem regularly delivered several microamperes of deuterons
through the charge exchange cell, as determined by a
translatable Faraday cup that could be moved into the
beam at a location just before the second ion magnetic
analyzer, see Fig. 3. The ion beam was effectively col-
limated by two apertures 1 cm in diameter separated by
1.2 m. The choice of deuterons rather than protons was
predicated by the need for slower atom velocities, which
enabled us to time-separate the laser photoionization
product pulses coming from the particle detector from
electrical noise pulses associated with the firing of the
laser pulse amplifier. The H,' contamination of the
deuteron beam was assessed both from the levels of HY
and H;* ions coming from the accelerator and from the
level of dissociation product H* produced with argon gas
in the charge exchange cell; the H,* contamination was
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FIG. 3. Schematic diagram of the apparatus built for the study of pulsed CO,-laser interactions with excited atoms in a fast atom-

ic beam.

normally at most 0.4%. Any charged dissociation prod-
ucts originating from H, " were rejected by the second ion
analyzer magnet located before the particle multiplier.
Thus the small level of H,* contamination in the ion
beam did not directly create any background ion count
rates related to the presence of the laser pulse. Laser pho-
toionization of 1% of the total neutral H, molecular beam
produced by charge transfer of the contaminant H,*
beam would have been observed at the background noise
level of our experiments.

The production by charge exchange of fast deuteron
beams adequately excited into the n=28 state was achieved
using both argon- and freon-gas targets. More is known
about the cross sections involved for the argon case,"
while freon'* produced a 50% larger excited-state frac-
tion. In both cases the gas pressure was set for about
15% total charge exchange probability for the incident
deuteron beam. The charge exchange cell was pumped by
a 9-in. liquid-nitrogen-trapped diffusion pump, and the
apparatus on either side of the charge exchange region
was further differentially pumped by three 6-in. trapped
diffusion pumps. The pressure in the 1.3-m laser-
beam—atom-beam interaction region, see Fig. 3, was
2% 1077 Torr during the acquisition of data.

Before entering the charge exchange cell, the ion beam
was chopped with a 0.1% duty factor by a gated trans-
verse electric field between the gating plates of Fig. 3.
This was to reduce the time-average particle multiplier
output current, enabling it to be operated at higher voltage
and thereby at higher gain. A second pair of transverse
electric field plates after the charge exchange cell removed

all ions from the fast beam at that point. A pair of paral-
lel metal rods located just before the beam-beam interac-
tion region was operated at a peak electric field strength
of about 47 kV/cm and field-ionized most atoms in the
beam with principal quantum numbers larger than 10."
This reduced the background ion count rate arising from
laser one-photon ionization of these atoms from 4 times
the two-photon ion count rate to at most 7% of that rate.
The background ion count rate due to fast-atom stripping
in the residual gas in the interaction region was about
equal to the maximum two-photon ionization count rate,
and was measured with the laser pulse absent.

The CO, laser oscillator was a standard Tachisto TAC
IIG grating-tuned TEA laser, while the laser amplifier
was a Lumonics model No. 203 three-stage device operat-
ed in single-pass mode at a pulse-energy gain of about 10.
The oscillator internal aperture was set at a small enough
diameter to produce a TEMy transverse output mode as
observed on a graphite target. However, the oscillator
laser pulse was not single longitudinal mode, resulting in
mode beating in the pulse temporal development and a
relatively large laser effective bandwidth.!® The relative
timing of the trigger pulses for the oscillator and amplif-
ier was adjusted to maximize the final laser-beam pulse
energy. The oscillator gas pressures were set at values
that resulted in a large gain-switched initial spike in the
laser output pulse, as observed using a photon drag detec-
tor and an oscilloscope. About half the pulse energy was
in this initial spike. The total laser pulse energy for the
laser beam entering the evacuated fast-atom-beam ap-
paratus was sampled by a calibrated laser-beam splitter
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and measured by a first laser pulse-energy meter, Laser
Precision model No. RK3230. The laser pulse-energy
transmitted through the entire apparatus was monitored
by a second pulse-energy meter, so that the laser-beam
transmission could be assessed on a shot-by-shot basis.
Data acquired during “bad” shots, having low pulse ener-
gy or low transmission, could be automatically rejected in
real time by the data-acquisition computer. The maxi-
mum available laser pulse energy in the atomic-beam in-
teraction region varied with laser line, but often reached
40 mJ. The actual laser pulse energy used in each experi-
mental run was adjusted by a II-VI Company model No.
PAZ-20-WC crossed-polarizer CO,-laser-beam variable
attenuator. The attenuator was placed in the beam in a
manner that assured fixed laser-beam polarization for the
beam entering the interaction region.

The particle multiplier was a Johnston model MM 1. It
was operated with a 300-(} resistor between anode and
grounded backplate, and was ac coupled into a 100-MHz
integrated-circuit pulse amplifier-discriminator, LeCroy
type No. MVL-100, operated with an output pulse width
of 20 nsec. It was established by experiments varying the
atom beam intensity and using the full laser one-photon
background photoionization signal that the entire ion
pulse detection system was linear within 10% up to peak
ion counting rates of S counts per shot. Since each shot
produced a 1.3-m-long “slug” of fast ions traveling to-
ward the detector at a speed of about 10*® cm/sec, this
peak counting rate corresponded to instantaneous count-
ing rates of about 5 MHz.

The control of the experiment, including data acquisi-
tion and system monitoring on a shot-by-shot basis, was
in the hands of a Kinetics Systems model No. 8030 CA-
MAC system containing a local 8-bit microcomputer sys-
tem capable of addressing digital-analog and analog-
digital converter, 100 MHz scalar and pulse generator
modules via programs written in BASIC code. A sequence
of LeCroy type No. 222 delayed gate generator module
pulses was triggered by a computer-generated initial fast
trigger pulse. The gate generators produced the sequence
of timed events sketched in the lower right corner of Fig.
3. First the deuteron beam was gated on for a 1.5-msec
interval. In the middle of this interval, pulse counting
scalar No. 2 was gated on for a 0.90-usec interval to ob-
tain a measure of the background count rate, i.e., with no
laser light present. About 20 usec later, appropriately
timed trigger pulses were sent to the laser oscillator and
amplifier, which in turn produced the laser pulse after a
time delay. The resultant ions reached the particle detec-
tor and produced ion pulses after a further time delay. At
an appropriate point in time, a second gate pulse of dura-
tion equal to that for the scalar No. 2 gate time was used
to gate scalar No. 1 and obtain a measure of the total ion
count rate with the laser light present. Using the full pho-
toionization background signal, data was taken as a func-
tion of the time delay of the scalar No. 1 gate pulse, to as-
sure that this scalar accumulated counts generated only
while the laser light was present.

A typical data point was taken at fixed laser wave-
length and atom beam energy, with the laser shots being
fired at a 0.5-Hz rate over a period of up to 1 h. The
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computer accumulated light-on counts, light-off counts
and laser pulse-energy values on a shot-by-shot basis, and
calculated total difference signals normalized to the total
light-off signal, along with statistical errors for this nor-
malized signal and for the average laser pulse energy.
Typically 1 to 3 counts would be accumulated per laser
shot. A successful day-long run would involve taking
perhaps ten data points at different laser pulse energies,
and thirty such runs were taken over eleven different
Doppler-tuned laser frequencies.

III. EXPERIMENTAL RESULTS AND ANALYSIS

Run-averaged experimental data for the dependence
upon laser pulse energy of the ion-count-rate ratio defined
just above are shown in Fig. 4 for two different wave-
lengths. The two-photon ionization signal clearly varies
with laser wavelength, unlike that observed for the one-
photon n > 10 background signal. The residual apparent
signal at low laser pulse energies is due to a combination
of residual one-photon ionization and residual scalar
gate-time asymmetry. At high laser pulse energies the
ion-count-rate ratio experimentally saturates when all the
n =8 atoms present in the apparatus during the laser
pulse are ionized.

A preliminary determination of the laser-wavelength
dependence of the two-photon ionization was made by
plotting the values for the 60% probability points in the
ion-count-rate ratio signals of the type shown in Fig. 4.
The data points with error bars in Fig. 5 are the results.
A resonant minimum in the laser pulse energy needed for
60% ionization probability is found to lie close to the ex-
pected n =8 to n =12 resonance wavelength of 10.500
pm. The large error bars for the data points at 10.533
and 10.553 microns arose from some irreproducibility in
the data from month to month. That these wavelengths

Fractional Signal
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FIG. 4. The variation of the two-photon ionization fractional
signal with laser pulse energy, near resonance (10.491 pm) and
in the resonance wings (10.591 um). At lower pulse energies a
small one-photon ionization background remains, while at high
pulse energies the two-photon ionization signal experimentally
saturates. The solid curves are results of a fit to all the data at
all the wavelengths investigated.



34 RESONANT INFRARED TWO-PHOTON IONIZATION OF . .. 2981

are near the 10.564 um wavelength for the n =10 to
n =27 resonance shown in Fig. 2 may or may not be coin-
cidental.

Our procedure for analyzing the data next involved a
trial-by-error fit to the extended two-level (ETL) model

+Q%(Ry + )AL

fD=by+b, |1—exp |—

formula,* using reasonable values for the physical parame-
ters that enter. The formula for the dependence upon
laser intensity I of the ion-count-rate ratio f(I) can be
written as

where Qy is the bound-bound Rabi-flopping transition
rate, R,. is the bound-continuum transition rate, I is the
laser bandwidth, sI is the optical Stark shift of the reso-
nance frequency, Aw is the frequency deviation from the
unshifted resonance, At=40 nsec is the effective time
duration of the laser pulse, and the constants b; and
b, +b, are the asymptotic values of the function f(I) at
small and large values of I, respectively. The quantity
Qg is proportional to the off-diagonal coupling matrix
element between the n =8 and n =12 states, and to the
square root of the laser intensity. The matrix elements for
different possible quantum numbers n, /, m can be found
in Ref. 17. The quantity R,. is proportional to the
(n=12)-state photoionization cross section and to the
laser intensity. Exact values for the cross sections for dif-
ferent possible quantum numbers can be evaluated using
the formulas in Ref. 18. The optical shift sI is approxi-
mately proportional to the difference in the wavelength-
dependent optical polarizabilities of the n =8 and n =12
states, and to the laser intensity. It also depends upon all
the quantum numbers.'® If the optical shifts for our
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FIG. 5. The variation with laser wavelength of the laser pulse
energy required for 60% two-photon ionization of n =8 deuteri-
um atoms. The data points are averaged values for several ex-
perimental runs, with error bars indicating the largest observed
variations. The curve is a fit to the ETL model.

(Aw—sI?++(Rye+ T+ 0% (14+T/Ry,)

ionization-resonance data points were comparable to that
observed for the Balmer a lines,’ they could be as large as
100 MHz/mJ. We define parameter coefficients a,, a,,
and s; by the expressions

Qp)=a,E'?, )
R,.(I)=a,E , (3)
sI=sE , 4)

where the laser intensity I is related to the laser-pulse to-
tal energy E in mJ by I=E/AAt, and 4 =2.5 cm? is the
nominal cross-sectional area of the aperture-collimated
laser beam.

There is insufficient information about the substate
population of excited-state beams produced by charge ex-
change for us to determine the contributions to our two-
photon ionization signal from the different types of n =8
atoms. The 8p and 8d populations are significantly dep-
leted by optical decay after the field-ionization region; on
the other hand, the motional electric field produced by the
atoms moving in the earth’s magnetic field and the
strength of the laser electric field are both large enough
for a description of the n =8 states in terms of the spheri-
cal quantum numbers to be questionable. Thus we will
model our data to single substate-averaged values for the
parameters a; and a,. The ranges of expected values are
a, between 0.54 and 15 GHz/mJ'/? and a, between 28
and 62 MHz/mJ.

We carried out a computer least-squares fitting of the
ETL model Eq. (1) to the data, using the CERN general
purpose nonlinear multiparameter fitting routine
MINUIT.!® The best procedure was found to be a division
of the fitting problem based upon the nature of the ioniza-
tion near resonance and in the resonance wings. Near res-
onance, where Aw—sI <<Qg(1+T/R,.)'?, Eq. (1) be-
comes

R, At
2

Sf(E)=b;+b; |[1—exp |— ) (5)

which physically arises because the bound-bound transi-
tion saturates while dominating the denominator in Eq.
(1). The near-resonance data then directly determines a,.
Using this value of a,, the data in the wings is fit to the
full ETL formula, varying a,, At, and I". In the far off-
resonance limit we note that Eq. (1) becomes
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Q% (R,. +T)A? The observed optical Stark shift parameter value 3

fU(E)=b,+b; |1—exp _.—~—R;——2—‘—2————— (6) GHz/mlJ is 30 times expected values. We have no good
(Aw) explanation for this. The calibration of our Optical En-

If the bound-continuum rate R, is small compared to the
laser bandwidth I', this expression does not depend upon
the former. We thus note that under the above cir-
cumstances the dependence of the two-photon ionization
rate on laser intensity is nearly linear both near resonance
and in the far wings, for different reasons. This explains
the similarity of the two curves in Fig. 4, neither being
quadratic in their behavior at the lower laser pulse ener-
gies of the beginning of the steps, after background sub-
traction.

Results based upon our computer runs were the values
a,=6.6+2 GHz/mJ'/?, a,=24+5 MHz/m)J, s,=3+1
GHz/mJ, and I'=5%+2 GHz. Here the error bars
represent changes that produced noticeably worse fits.
The values obtained for a,, a,, and I' are within the ex-
pected range of values for these parameters, while s, is
unexpectedly large. Figure 6 compares the ETL two-
photon cross section calculated for these values, except for
setting s, =0, with two other cross sections, one of the
ETL cross section with the nonperturbative width terms
neglected and the other the exact perturbative curve given
by the quasiclassical formula.? The experimental results
are in satisfactory agreement with these theoretical expec-
tations.

-18

10 [
3
3
< L
3
(%]
c
.g -20
g 10
2]
“
4
S L
c
2
°
N -22
§ 10
c
S
°
£
& L
1}
o
2

-024 1 L L L | L L L 1 L

10.45 10.50 10.55

Light Wavelength (um)

® Berson Formulo
® ETL (£=0), zero width terms
® ETL (£=0), complete

FIG. 6. Comparison of the perturbative quasiclassical two-
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experimentally-determined width terms, curve 3. Both laser
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gineering CO, laser spectrum analyzer was checked dur-
ing studies with another apparatus that used high-
resolution cw CO, laser excitation of state-selected highly
excited hydrogen atoms.”’>?' Thus there seems no possi-
bility of misidentification of laser lines, which would
create wavelength-measurement errors. A possible ex-
planation to be investigated theoretically is the optical in-
duction of a first-order dipole moment in the atom.

IV. DISCUSSION

The primary motivation for the present experiments
was to search for anomalous ionization of the n =12 in-
termediate state. The present work follows a sequence of
multiphoton ionization experiments that have not been ex-
plained by the usual perturbative picture of photoioniza-
tion that is based upon one or more steps of photon ab-
sorption involving off-diagonal electric-dipole radiative
coupling matrix elements between field-free atomic states.
These experiments are of two types, (a) those requiring
enormous numbers of photons to be absorbed in order for
the free-atom ionization limit to be energetically reached,
and (b) those with energetically allowed one-photon ioni-
zation, but exhibiting ionization that behaves very dif-
ferently from usual single-photon ionization. The first
type includes the microwave ionization of highly excited
hydrogen atoms?*?! and the CO, laser ionization of xenon
and krypton atoms.?? The second type was observed in
the anomalous ionization of the n =10—20 Ry states of
the sodium atom by a 1.06 um laser field.>> These experi-
mental observations are all evidence for a strong-field ion-
ization enhancement mechanism that arises from a
dynamic distortion of the atomic potential, accompanied
by a polarization of the atom. Ionization then proceeds
via this distortion as a high-order electric dipole interac-
tion with the radiation field that partially manifests itself
through diagonal matrix elements for the distorted atom,
its states being of mixed parity.

Let us take as a hypothesis that these anomalous ioniza-
tion processes occur because on time average a portion of
the ionization energy is absorbed by the atomic electron
during one peak half-period of each oscillation of the ra-
diation field. This period is half the time, when the peak
field strength is about 20% higher than that needed for
the barrier in the peak instantaneous potential to be down
to the energy of the bound state of interest. We can then
make a classical estimate of the conditions needed for
complete ionization after N oscillations of the field. A
rough scaling law will be the result, with all the
anomalous data being consistent with it within 2 orders of
magnitude.

Let us begin by assuming that the electron is partially
free from the nuclear Coulomb field during the time in-
terval 8¢ when the barrier is below the energy of the initial
atomic state. Then Newton’s law yields an approximate
electron acceleration (eF /m)cos(wt), where F is the peak
laser field strength and w is the laser angular frequency.
If the electron is to have left the atomic nucleus after N
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generalizations of the quantities O and R,, in the ETL .é 32 —
model.?’ In analogy with the situation for high-order mi- SE o 8T T RS8R
crowave absorption of very highly-excited hydrogen E g %
atoms,?! we assume that the photon absorption develops © é'-: &
as much as possible via the oscillating Stark effect, i.e., ~5 2 »
via large diagonal matrix elements for the mixed-parity 8 g :g: o | = S
states produced by the optical Stark mixing by the laser 2z I FARB R i
field. There must be one off-diagonal matrix element cou- oy 2 « E
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pling the initial and intermediate bound states, and anoth-
er coupling the intermediate state with a continuum state.
For example, consider the bound-bound Rabi transition
rate (y in a two-state approximation. Each state is an
oscillating Stark orbital involving the diagonal matrix ele-
ment z,, =(3)n(n, —n, ) F:*232

Zp F

Yu(r,t)=¢,(r)exp | —iE, t —i sin(wt) |, (12)

a, ()= [ YrlzFe "' y,d*r dt

=z""'F 2 2 Jk(znnF/&))Jk‘(Zn'n'F/w)f'e—i(kﬂk,_*'”w‘e—“

k=—w K=—ow

where as usual the only terms having large nontransient
values for the time integral are the energy-conserving ones
with (k —k'+1)o=E, —E,=aw. The double sum thus
becomes a single sum, and the coefficient of the time-
dependent factor is the multiphoton Rabi moment

M,y =2z, F 2 iz F /oWy _(q_1)ZynF /@) . (16)
k=—w

The final summation can be performed using the addition
theorem for Bessel functions to yield

M, =z, FJ oy 12y — 2y ) F/0) . (17)

Rate (MHz)

Ol
Laser Intensity (MW/cm?)

FIG. 7. Estimated higher-order CO, laser multiphoton ioni-
zation rates for electrically polarized hydrogen atoms with » as
low as 4. The curves are labeled according to quantum numbers
for the initial and intermediate states, along with the partial or-
ders (k;,k,) for the bound-bound and bound-continuum multi-
photon transitions, the resonant wavelength selected for each
calculation, and the slope p of each rate curve. Every case with
n > 5 exhibits bottleneck behavior from either the bound-bound
or the bound-continuum step, i.e., p is either k; or k,.

Y (r,t) =@, (r)exp( —iE,1) i Ji(zgy F /00)e ~ kot

k=—o

(13)

To first order in the off-diagonal coupling z,,F, the per-
turbative transition amplitude for the state n' is

(14)

E, ——En.)tdt , (15)

This two-state result is nonperturbative in that portion of
the photon absorption arising from the oscillating Stark
effect that is nonzero for states with permanent electric
dipole moments. It reduces to the leading term of pertur-
bation theory,’®3! when the Bessel function is approxi-
mated by its leading term. A more rigorous discussion’
of the photon absorption associated with the permanent
dipole moment indicates that the Bessel function in Eq.
(17) should be replaced by

2aw

. —z,,',,r)FJa((z"" Zyn)F /o), (18)
which to within the sign has the same low field-strength
limit. For the present purposes of order-of-magnitude es-
timates of multiphoton rates, either Eq. (17) or (18) could
be used. We see from Eq. (17) that the dominant strong-
field two-state multiphoton modifications of Qz and of
R, are just to include the appropriate Bessel function
factors of Eq. (18). Figure 7 shows some on-resonance €s-
timates obtained this way for multiphoton ionization by
COs-laser fields of electrically polarized hydrogen atoms
with n between 4 and 10, obtained using both diagonal
and off-diagonal matrix elements for the extreme Stark
bound states®! ignoring diagonal matrix elements of con-
tinuum states, and using the formula'® for the n scaling of
the p-state photoionization cross section describing the
off-diagonal coupling between intermediate and continu-
um states. Although these first estimates may be in con-
siderable error, they do further support the conclusions of
our experiments that higher laser intensities are required
for the multiphoton ionization of states other than n =38.
A third-order perturbative calculation at one wavelength
for substate-averaged n =7 atoms also supports this con-
clusion.! Precision experiments using electrically polar-
ized hydrogenic atoms that would test theoretical predic-
tions such as those shown in Fig. 7 appear to be difficult
but possible.
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