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This is the first high resolution measurement of the electron energy spectrum from high intensity
above-threshold ionization (ponderomotive energy > ionization potential >>hv) at intensities up to
7x10'* W/cm?2 In contrast to previous work, we have used a short pulse and a large focal spot along
with low gas densities to minimize the effect of ponderomotive forces and collisions. Existing models do
not agree well with electron energy spectra for either linearly or circularly polarized light. The electron
temperature is too hot for the implementation of 820 nm multiphoton ionized recombination type XUV

laser schemes.

PACS numbers: 32.80.Rm

We report the first high resolution measurement of the
electron energy distribution from high intensity above-
threshold ionization (ATI) at intensities up to 7x10"
W/cm? with a short pulse. In the short pulse regime
[1-4] the pulse is over before the electrons have been dis-
turbed by the ponderomotive force: The electrons are
therefore characteristic of the ionization intensity and not
of the excitation geometry. Previous measurements of
electron spectra in the so-called “long pulse regime” were
dominated by the ponderomotive acceleration of the elec-
trons, which is their quiver response to the oscillating
electromagnetic field in the intensity gradient at the laser
focus [1-6]. The measurements reported here are at in-
tensities 30 times more intense than those previously pub-
lished and allow us to test models of ATI in the high in-
tensity limit when ATI models should be most valid, viz.,
ponderomotive energy >> ionization potential > hv.

ATI electron energy spectra from both linearly and cir-
cularly polarized light were measured. While the thresh-
old intensities for multiphoton ionization agree with mod-
els of ATI [7-9], the electron spectra from linear or cir-
cular polarization differ markedly from theory. The pre-
dicted preponderance of slow electrons from linearly po-
larized ATI is not observed. This result is particularly
noteworthy in light of recently proposed x-ray laser
schemes that use multiphoton ionization to produce high
ion stages in a relatively cold electron distribution
[10-12].

These measurements are valuable because the ATI
electron energy distributions contain minimal pondero-
motive force contributions, despite the fact that the pon-
deromotive energy is much higher than the ionization po-
tential of the parent atom. To achieve this, we require
both a short pulse and a large focus. Our laser source is a
colliding-pulse mode-locked laser [13] centered at 820
nm, amplified in a Ti-sapphire chirped-pulse amplifier

[14]. It is capable of delivering 50 mJ pulses of 180 fs
duration at 5 Hz. Laser pulses are focused with a 1 m
lens into a vacuum chamber to a Gaussian waist of
wo=35 um. After the lens the laser beam propagates al-
most entirely in vacuum. The electron energy spectra are
measured with a field-free time-of-flight (TOF) spec-
trometer with a detection cone angle of 2° (3.8x10 73 sr
collection solid angle) at the focus. Electrons are ac-
celerated at the end of the TOF in order to level the
detection efficiency. The intensities at the focus are cali-
brated by measuring Xe ion spectra and comparing to
critical intensities in Refs. [7,9].

This system is highly insensitive to ponderomotive ac-
celeration. A 100 eV electron produced at the peak of a
7x10'> W/cm? pulse gains less than 3.5 eV in radially
traversing the beam. Most electrons gain much less ener-
gy as they are created off the beam axis and at different
times during the pulse. The spectrometer has a resolution
of 0.05 eV at an energy of 3 eV.

The electrons in our spectrometer are almost entirely
from ATI in He. At these high intensities the electron
energy distribution resulting from the ATI of He atoms is
a good test of models of ATI. The threshold intensity for
ionization according to the barrier suppression model is
given by [3,4]

Inm=1I}c/1287Z %", ()

where I, is the ionization potential, Z is the charge state
of the resulting ion, ¢ is the speed of light, and e is the
charge of an electron, all in cgs units. The ionization po-
tential of He is 24.6 eV, and the second ionization poten-
tial (He'* — He?*) is 54.4 eV. Therefore, He'" should
be formed at around 1.46x10'> W/cm? (U, =91 eV) and
there should be negligible amounts of He?* below an in-
tensity of 9x10'> W/cm? We measure the threshold in-
tensity for ionization of He''— He?* to be —~10'6
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W/cm?, consistent with Eq. (1) [7,9]. Therefore at these
intensities only He'™ is saturated.

We also take steps to eliminate background contam-
inants and space charge effects, which might alter the
electron spectrum. The He gas pressure is maintained at
2x10 7% torr (density of 7x10® atoms/cm?) on a base
pressure of 4x10 !0 torr. The electron spectrum of the
background gas is less than 12% of the He signal and is
measured and subtracted. Because of the low pressures
used in the experiment an electron suffers fewer than
10 73 collisions at the focus during the 180 fs laser pulse
[15]. Also, complete ionization of the focal volume re-
sults in a space charge effect of less than 0.07 eV for any
detected electron. Thus the spectra are essentially free of
collisional and space charge effects.

In Fig. 1 we show the ATI spectrum of He obtained at
an intensity of 7x10'> W/cm? (Xe’* ion stage observed
in ion spectra). The light is linearly polarized with the
polarization axis oriented along the TOF axis. If the
electric field in a monochromatic linear polarized plane
wave is given by E(x,t) =FEog,cos(kx —wt) then the
ponderomotive energy (average energy of sinusoidally os-
cillating free electron) is
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FIG. 1. The solid line is the electron energy spectrum ob-
tained from the ATI of He with linearly polarized light at a
peak intensity of 7x10'> W/cm?2. Error bars at representative
points are shown. Vertical error bars are statistical. The hor-
izontal error bars refer to the energy bin width. The KFR mod-
el fit and the quasistatic model fit to the data are shown. The
Maxwellian fit is for an electron temperature (k7) of 30 eV.
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U, =e’E¢/4mo?, (2)

where m is the mass of the electron and w is the frequen-
cy of the light. At an intensity of 7x10'> W/cm? this
ponderomotive energy is 430 eV. The He spectrum is due
almost entirely to ATI from He— He't (< 5% of He?*
measured). At these high intensities the electron energy
distribution is continuous and does not show the Rydberg
level structure that is seen in the ATI of rare gas atoms
at lower intensities [1-4]. This is expected because at
these intensities, the ponderomotive shift is many times
the photon energy and therefore all multiphoton Rydberg
level resonances are equally allowed. The overlap of so
many Rydberg level resonances washes out any resonance
structure. The fall from 20 to 400 eV for He is nearly ex-
ponential. An exponential-like decrease is generally pre-
dicted by Keldysh-Faisal-Reiss (KFR) theory [16-19]
and the quasistatic theory of Corkum and Burnett [5,12].
The KFR theories [16-19] treat ATI as the transition
of the bound electron state to a free electron state oscil-
lating in the electromagnetic field of the laser (Volkov
states). The transition probability for n-photon ionization
per unit time per unit solid angle in linear polarization
(polarization axis along the detector axis) is then

dWn _ 1 3V1/2 _ 2
70 (zn)2h4(2mg) (nho—U,)
x(nho—U,—1,)"}o(@)|22(a,p), ()
where
Jn(a,B) = Z_ Jn=2m(@)Jm(B) , )

where J, are the nth-order cylindrical Bessel functions
and ®(p) is the Fourier transformed wave function of He
and p is the momentum of the outgoing electron,
p=0Cm)"*(nhw—U,—1,)"?, and the arguments of
the Bessel functions are a=2[U,/m.h%w?1'?p and
B=—U,/2hw. Only electrons along the polarization
direction are detected in this experiment. According to
this model it is the interference between the various
dressed continuum states represented in Eq. (4) which
give rise to the structure of the electron energy distribu-
tion. The rate of ionization is so nonlinear that it is
reasonable to fit the electron energy distribution to one
intensity. The best fit of the data by the KFR model
occurs with a fit parameter U, =150 eV. The fit is shown
as a dashed line in Fig. 1. For this fit we used a 1s hydro-
genlike wave function for He given by [20]

@ () =(1/7)"2(1.69/a0) **exp(—1.69r/ao) . (5)

The distribution is relatively insensitive to the exact na-
ture of the wave function [18,19].

The model predicts more cold electrons and fewer hot
electrons than shown in Fig. 1. Furthermore, the value of
U, required to fit the data suggests a much higher ioniza-
tion intensity than expected. Earlier ionization yield
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measurements have shown that the ionization threshold is
very close to the value predicted by the barrier suppres-
sion model [7]. For He ionized with 820 nm light, this
threshold intensity has U, =91 eV. Our fit value of
Up, =150 €V is significantly higher.

In the quasistatic model [5,12], electrons tunnel ionize
with a probability that depends on the instantaneous laser
electric field, and subsequently gain energy by classical
acceleration in the laser field. Most of the electrons tun-
nel out near the crest of the electric field (where the elec-
tric field is a maximum) and then undergo equal and re-
peated amounts of acceleration and deceleration, thus
leading to no net energy gain. Therefore, most of the
electrons should have very little final kinetic energy. On
the other hand, an electron released near a minimum (ab-
solute value) in the electric field would pick up a kinetic
energy corresponding to a quarter cycle of the electric
field. This leads to a characteristic distribution given by
Eq. (5) of Ref. [12]. The best fit of the quasistatic theory
to the data is shown by the dash-dotted line in Fig. 1.
We used a fit with the peak intensity corresponding to
U, =150 eV (corresponding electric field) as before.
Again, we used a single intensity to characterize the ion-
ization because the ionization rate is so nonlinear. As
with the KFR model, the tunneling model predicts more
cold electrons and fewer hot electrons than are observed.
This discrepancy is more severe for the electrons below 5
eV in the tunneling model because the electric field is
treated classically and electrons are allowed to pick up
energies below the photon energy.

The deficit of cold electrons and the excess of hot elec-
trons would be much more extreme had we used a fit pa-
rameter of U, =91 eV as predicted by the ionization
threshold measurements [7-9]. The excess of hot elec-
trons observed may be explained by the survival of some
of the atoms to higher intensities. A more complete fit
taking into account the temporal shape of the laser pulse
might predict such high intensity survival. However, the
disagreement for cold electrons would be more extreme
with temporal averaging. To eliminate the possibility
that the experimental deficit of cold electrons was due to
stray fields or ponderomotive deflection of electrons, we
applied an extraction voltage to get the total yield, mea-
sured the angular distribution of electron emission by ro-
tating the polarization axis with respect to the TOF
detector, and then adjusted for the collection solid angle.
In addition, we biased the front plate of the multichannel
plate detector to ensure the quantum efficiency for all
electrons was uniform.

In general, the electron spectra are hotter than predict-
ed by the theories. One possible reason is the Coulomb
effect of the residual ions, which have been ignored in the
models. The long-range Coulomb force would allow the
absorption of excess photons from the high intensity laser
field by the quasifree electron, which could lead to a
hotter electron distribution than predicted.

The electron energy distribution is important for im-

plementation of proposed multiphoton-ionized recom-
bination XUV laser schemes [5,10-12]. Here the atoms
are multiphoton ionized in a high intensity laser to give
rise to highly charged ion states surrounded by a cold
electron distribution. Lasing occurs if the cold electrons
recombine rapidly enough to invert the population of the
lower lying excited states of the ions. The recombination
rate necessary for inversion depends critically on the
average kinetic energy of the electron distribution. The
electron temperature should be less than one-tenth of the
ionization energy of the atom or ion stage [10,11]. We
can obtain the electron temperature by fitting the data to
a Maxwellian energy distribution given by [21] f(E)
=2(E/nk>T?)2exp(— E/kT), where E is the energy of
the electron and kT is the equivalent electron tempera-
ture. The dotted line in Fig. 1 shows the best Maxwellian
fit to the data. The fit yields an electron temperature of
30 eV (kT=30eV). The electron temperature is thus on
the order of the ionization energy of neutral He, which is
24.6 eV. The hot electron temperature observed would
drastically reduce the recombination rate and make sim-
ple multiphoton-ionized recombination XUV lasers
difficult to implement.

The electron spectrum obtained with circularly polar-
ized light is markedly different from that obtained from
linearly polarized light. Figure 2 is the electron energy
distribution obtained with circularly polarized light pro-
duced with a zeroth-order quarter-wave plate at 815 nm.
The peak intensity is 6x10'> W/cm?, in an Airy focus
with the first null at a radius of 52 um. The light is
better than 99.7% circularly polarized. The electron en-
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FIG. 2. The solid line is the electron energy spectrum ob-
tained from the ATI of He with circularly polarized light at a
peak intensity of 6x10'> W/cm?2. Error bars at representative
points are shown. Vertical errors bars are statistical. The ener-
gy bin width is less than 1.0 at 100 eV and decreases roughly as
(energy) ~¥2. The KFR model fit is for an intensity corre-
sponding to U, =60 eV.
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ergy spectrum for circularly polarized light peaks at 64
eV, which is much higher than the 10 eV peak for linear-
ly polarized light [22]. This general behavior is predicted
by all the theories [5,12,18,19] and is due to the higher
angular momentum possessed by the free electrons in ion-
ization with circularly polarized light. Because the final
electron states must conserve angular momentum, the low
energy electron states are suppressed and the ionization
threshold for circularly polarized light is about 1.5 times
higher than for linearly polarized light. This has been
observed for other atoms [3] and we have observed it in
the ionization of Xe and He'™ in our laboratory. If the
electric field is a circularly polarized monochromatic
plane wave represented by E=(E/+v/2)le,cos(kx — wt)
+ ¢, sin(kx — wt)] then the total ponderomotive energy is
still given by Eq. (2). The dashed line in Fig. 2 is a fit us-
ing the KFR model [18,19], where the transition proba-
bility rate per unit solid angle for n photon ionization is
given by

dW, _ 1 3y1/2 —717)2
0 - Goint @2me) *(nho —U,)
x(nhw—U, —1,)?|®(p)| 272U} %y) , (6)

where y=2(nhw-—Up—1p)'/2/hw and the J, are the
nth-order cylindrical Bessel functions. ®(p) is the
Fourier transform of the wave function shown in Eq. (5).
Surprisingly the U, that best fits the data is only 60 eV.
In the quasistatic model the shape of the electron energy
spectrum with circularly polarized light depends strongly
on the temporal laser pulse shape. However, the peak of
the electron energy distribution is always the same as the
fit parameter U, in that model, i.e., U, =64 eV is the best
fit parameter for the quasistatic model since the observed
electron energy peak is 64 eV. Both these values of U,
are about 3.5 times less than the expected U, (1.5% 150
eV) from the fit to linear polarization data. The smaller
peak intensities needed to fit the experimental data with
circularly polarized light strongly contradict theoretical
predictions.

In conclusion, we have measured short-pulse ATI elec-
tron spectra of He ionized at intensities up to 7x10'°
W/cm? with both linearly and circularly polarized 820
nm light. These measurements test the models of ATI in
the limit of ponderomotive energy >>ionization poten-
tial> hv. The ATI spectra do not agree well either with
the KFR theory or with the dc tunneling theory followed
by classical acceleration of the electron. Also, the fits to
the data with linearly and circularly polarized light are
not consistent with each other. The poor agreement be-
tween the theory and experiment can be due to Coulomb
effect of the ions, which have been ignored in the models.
Also the effect of doubly excited states and intermediate
resonances, which play a more prominent role in linear
polarization (more allowed angular momentum states),
have to be included in the models. The results show that
at these densities and this wavelength the electron tem-
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perature appears to be too hot to provide the fast recom-
bination necessary for lasing in multiphoton-ionized
recombination XUV lasers. The electron temperature
might be lowered by using shorter wavelength lasers to
multiphoton ionize the medium, since the ponderomotive
energy (U,) is proportional to A% however, the failure of
the models indicates that simple scaling arguments might
not be appropriate.

*Present address: AT&T Bell Laboratories, Holmdel, NJ
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