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Above-Threshold Ionization in the Long-Wavelength Limit
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In the long-wavelength limit, above-threshold ionization (ATI) is primarily the result of the interac-
tion of a newly freed electron with the laser field. Classical physics requires that linearly and circularly
polarized light produce very different ATI spectra. Measurements performed using both linearly and
circularly polarized, picosecond, 10-um pulses confirm these conclusions.

PACS numbers: 32.80.—t

Above-threshold ionization (ATI) provides a new con-
trollable heating mechanism for plasmas. It will be par-
ticularly important at low densities where other heating
mechanisms are ineffective.

This paper provides new understanding of above-
threshold ionization' with ultrashort pulses. It also pro-
vides the first direct evidence of tunnel ionization at opti-
cal frequencies.? We show that in the quasiclassical lim-
it (photon energy less than ionization potential less than
ponderomotive energy), an electron acquires its energy in
a two-step process: First, the electron is removed (tun-
nels) from the primary influence of the atom, thereby
absorbing the ionization potential, and then it interacts
with the laser field. The second step, which can be treat-
ed classically, also consists of two parts. There is the
ponderomotive (i.e., quiver) component of the interac-
tion® and also a drift component. For linearly polarized
light, the magnitude of the drift component is deter-
mined by the exact phase of the electric field at which
the electron is freed. The drift energy has never been ex-
plicitly considered and is the main subject of this paper.

For ultrashort pulses the ponderomotive energy is re-
turned to the wave* and it does not contribute to ATI;
however, the drift motion remains. Thus the classical
theory gives a different perspective for understanding the
ATI in the high-intensity-long-wavelength limit. Furth-
ermore, the difference that we find in the drift energy be-
tween linearly and circularly polarized light gives a new
point of view on why higher-energy electrons have been
found for circularly polarized light in previous experi-
ments.’

Consider an electron released at time ¢' from rest into
a strong laser field. The electron will experience a force
which, in the nonrelativistic limit, is proportional to the
electric field E=Ecos(wt)e,+aEosin(wt)e, where
a <1 allows for arbitrary polarization.

The electron motion in the field of the laser is given by

vy =vosin(w?) +vox, vy, =—(avo)cos(wt)+vy,, ¢))

where vo=gE¢/mw and vox and vg, can be evaluated
from the initial condition that v,(¢") =v,(t')~-0 to be
vox = —vosin(w?') and vo, =avocos(wt’).

The probability of ionization as a function of time can

be calculated in the quasistatic limit (E; < U) using dc
tunneling theory®:
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where wo=me*/h 3 is the atomic frequency unit, £, and
E; are the ionization potentials of hydrogen and the atom
in question, U=(1+a?)q2E?*/4mw? is the ponderomo-
tive potential, and E,=m?2e°/h* is the atomic unit of
the electric field. Applying Eq. (2) for a hydrogenlike
ion with E;=12.1 eV (xenon), the electron distribution
shown in Fig. 1 (solid curve) is obtained for a 10-ym
linearly polarized plane wave (a¢=0) with intensity
I=10"exp[—(z/7)?] W/cm? and 7=1.5 psec. For
linearly polarized light the calculated ionization rate was
10'% sec ~! at an intensity of 6x10'> W/cm?.

For circularly polarized light (a=1), we can always
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FIG. 1. Electron energy distribution calculated using the

classical theory of above-threshold ionization for a hydrogen-
like ion with an ionization potential of 12.1 eV. Linearly polar-
ized (solid curve, peak intensity of 10'* W/cm?) and circularly
polarized (dashed curve, peak intensity of 2x10'* W/cm?)
10-um radiation and 2.5-psec FWHM Gaussian pulses were
assumed.
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orient the coordinate system so that ¢z'=0. The initial
conditions then give a drift velocity of vox =0 and vy,
=po. That is, the electron drifts in a direction perpen-
dicular to the field in which it was released (ionized).
Using dc tunneling rates (E; =12.1 eV), the electron dis-
tribution shown in Fig. 1 (dashed curve) is obtained for a
10-um plane-wave pulse given by 7=(2x10'*)expl— (¢/
7)2] W/cm? where r=1.5 psec. For circularly polarized
light the calculated ionization rate was i0'? sec ~! at an
intensity of 9.5%10'3 W/cm?2,

Whereas the width of the distribution for linearly po-
larized light is determined by the phase angle at which
the electron is produced, the width for circularly polar-
ized light is characteristic of the pulse envelope. Under
experimental conditions the volume associated with a
particular intensity increases as the intensity decreases.
Thus, most electrons are produced near the peak power
portion of the temporal profile. The distribution would
then be slightly narrower than that shown in Fig. 1.

To confirm these predictions, an experiment was per-
formed using a picosecond, 9.3-um pulse produced in a
laser system described elsewhere.” For the present ex-
periment the maximum pulse energy was 60 mJ. The
coherent structure of the pulse is such that 65% of the
energy is in a 2.5-psec FWHM (r=1.5 psec) pulse.’
Most of the remainder appears 25 psec later in a second
2.5-psec pulse. Thus the peak laser power was as high as
2.5x10'0 w.

The laser was designed to produce linearly polarized
light. The plane of polarization was changed by adding
an additional reflecting surface along the path followed
by the beam as it was transported from the laser to the
target chamber. Circularly polarized light was produced
by passing the beam through a Fresnel rhomb. The
beam was focused into a target chamber with either a
25-cm (linearly polarized) or a 12.5-cm (circularly po-
larized) lens to a beam waist of 170 or 85 um full width
at half maximum. The focal-spot intensities were
8x10'% and 3%x10'* W/cm?, respectively.

The target chamber could be pumped to a background
pressure of 10 ~° Torr. A xenon pressure of —10 ¢
Torr was used for all measurements. The beam was fo-
cused between parallel electrodes that could be biased so
as to extract either electrons or ions which were mea-
sured by an electron multiplier. Time of flight was used
to establish the ion species. Only Xe™t! was present in
the measurements described herein.

The electron energy spectrum was determined by col-
lecting those electrons with sufficient energy to pass
through a grid biased with a retardation potential. Any
detected electron possessed sufficient drift energy in the
direction of the electron multiplier to overcome the retar-
dation potential minus that portion of the extraction po-
tential seen by the electron. The detected signal is
S(Eo) =[F,n(E)dE, where n(E) is the number of elec-
trons with drift energy E.

For linearly polarized light, an extraction field was ap-
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FIG. 2. Relative number of ATI electrons with drift energy
in excess of the retardation potential plotted as a function of
the retardation potential. A 2.5-psec, 9.3-um laser pulse was
used to ionize 10 ~® Torr of xenon. The direction of observa-
tion was perpendicular to the electric vector of the laser field
and the direction of propagation. The laser focus was at a po-
tential of 240 V as noted by the arrow.

plied to ensure that all electrons were collected. Figure 2
is a graph of the electron energy observed with the elec-
tric field of the 9.3-um radiation perpendicular to the
direction of the extraction and retardation fields. Classi-
cally the drift energy in this direction should be zero.
This fact is used to calibrate the extraction potential as
seen by the electrons at 240 V (the potential difference
across the electrodes was 400 V, the focal position was
reproducible and consistent with an extraction potential
of 240 V). If 240 eV is subtracted from the electron en-
ergy, we obtain a typical energy in the direction perpen-
dicular to the laser field of <10 eV. Considering the
electrical noise in the vicinity of the measurement, the
mechanical stability of the apparatus, and the accuracy
with which we know that our beam is linearly polarized,
this is probably the resolution limit of the experiment.

The distribution of electron energies measured with
the electric field of the ionizing radiation pointing in the
direction of the extraction and retardation potentials is
shown in Fig. 3. The 240-V extraction field has been
subtracted from the measured electron energy. It is
clear from a comparison of Figs. 2 and 3 that the elec-
trons drift primarily along the direction of the laser field
with an average energy of approximately 50 eV.

For linearly polarized light, ionization occurs at ap-
proximately 5x10'3 W/cm? Thus for our 2.5-psec
pulse, the electron is left with < 10% of the ponderomo-
tive potential after the laser pulse has passed. Figure 3
(solid curve) shows the calculated value of S(E,) for
9.3-um light. It is important to know whether 50 eV is
an accurate estimate of the drift energy. The velocity of



VOLUME 62, NUMBER 11 PHYSICAL REVIEW LETTERS 13 MARCH 1989

15 . . timates the contribution of the ponderomotive force for
two reasons. (1) Most electrons in a Gaussian focus are
produced at the time of peak power. In the absence of
| an initial drift energy, these electrons can gain a max-
] imum energy of only 250 eV. (2) Most electrons are
N produced at radii and a focal position at which the pon-
\ deromotive force is less than the maximum. Without a
large initial drift energy these electrons can gain even
0.5 \ _ less energy.
: \ $ In Fig. 3, the dashed curve shows the calculated value
\ of S(E¢) from the plane-wave classical mode. Consider-
\\ $ ing random distribution of ionization sites and the ran-
LN dom direction of the electrons, the motion in ponderomo-
tive potential will broaden the electron spectrum and add
a significant fraction of the ponderomotive energy to the
RETARDATION POTENTIAL (V) most favorably directed and positioned electrons. The
ponderomotive contribution accounts for much of the
differences between experiment and the predictions of
the classical model (Fig. 3, dashed curve).

The approach that we have taken is very reminiscent
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FIG. 3. Relative number of ATI electrons with drift energy
in excess of the retardation potential plotted as a function of
the retardation potential. Electron energy measured (solid cir-
cles) and calculated (solid curve) in the direction of the laser

electric field vector. The 240-V extraction potential was sub- of Ke.ldysh style theories.” Keldysh theques dress the
tracted from the experimental data. Also shown are experi- outgoing electron for the effects of the optical field. The
mental data (open circles) and calculations (dashed curve) ob- ionization rate is then determined by a first-order pertur-
tained with circularly polarized 9.3-um light. bation calculation of the transition probability from the

ground state to the dressed free state of the electron. In
our classical theory of ATI we have dressed the electron

a 50-eV electron is approximately 0.0l¢c. Such an elec- classically rather than quantum mechanically for the
tron will drift less than one wavelength during the fall effects of the laser field. In fact, assuming that tunnel
time (7) of the laser pulse. Since the laser barely ex- ionization determines the ionization probability as a
ceeded the threshold intensity, ionization occurs primari- function of the electric field, it can be shown that the
ly on axis. Thus, the electrons will gain negligible energy classical model with zero initial velocity gives electron
from the ponderomotive force. We expect, and observe distributions that are almost indistinguishable from those
in Fig. 3, good agreement between the quasistatic model implicit in Keldysh’s work® and are similar to the predic-
and the experimental results. tions of Reiss'? for linearly polarized light.

Figure 3 also shows the electron energy distribution For circularly polarized light, the drift energy gained
obtained with circularly polarized light. A typical elec- by the electron during ionization is also consistent with
tron energy is 1200 eV (velocity=20 um/psec). Thus, in the quantum-mechanical picture of Reiss.'® From Eq.
contrast to the linearly polarized case, the ponderomotive (32) of Ref. 10, the ionization rate per unit solid angle is
force will make a significant contribution to the mea-  given by

sured electron energy spectrum.

. dw 2 3..5y1/2
It should be emphasized that the ponderomotive force aw _ Qm’w))

Yn—2z)(n—z—ep)'?

2
is insufficient to account for the distribution on its own. a0 (27) "
To see this, consider the extreme case of the electrons x| 6:(p)|J2"?y),  (3)
produced at the beam waist and at the radius of max-
imum ponderomotive force. Since our (calculated and where y=2(n—z—¢p)'?sinb. 6 is defined with respect
experimental) threshold intensity for circularly polarized to the axis of propagation, ¢ =E;/hw, and z=U/ho.
light is approximately 10'* W/cm?, these electrons will For other symbols, see Ref. 10.
be produced during the rising portion of the pulse. If In the low-frequency limit, the argument z "2y of the
their initial drift velocity is negligible, they can gain only Bessel function in Eq. (3) becomes very large and

J2(z'?y) becomes highly peaked around n=2z and can
be written as

600 eV due to ponderomotive acceleration. This overes-

3/2 1/2 ¢, 2
1 _AB" | \p_ijpsnr_ EB 0N
27(4zeg) '/? exp 3z 2652 7750 2732

, 4)
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Jivon =

where 6n=n—2z and 66 =(z/2) — 6. This expression is valid providing e?%/z '/

limit of validity as Eq. (2).

is large, corresponding to the same

1261



VOLUME 62, NUMBER 11

PHYSICAL REVIEW LETTERS

13 MARCH 1989

One can see from Eq. (4) that the electron distribution
is highly peaked around n=2z (i.e., around an electron
energy of twice the ponderomotive energy). Since the
system is in a steady-state electromagnetic field, the drift
energy is obtained by subtracting the ponderomotive en-
ergy. The drift energy, therefore, peaks at a value corre-
sponding to the classical value of vg, in Eq. (1). The dis-
tribution is also highly peaked around 6=n/2 as pre-
scribed by the classical model.

From the width of the distribution in 60 or én, an un-
certainty Se can be found in the initial kinetic energy of
the electron after ionization. Thus we can check if our
assumption that the initial velocity of the electron is zero
at t=t' is consistent with Keldysh-Reiss theory. Since
860 =256v ,/vg, and also én/z=268v/vo, [6v. and v, are
the uncertainties in the initial velocity in the direction
perpendicular and parallel to the drift vo, and Je
=m(6v,)%/2=m(5v,)%/2] then we obtain 5e/U=(56?
=(5n2)/4z2=Q2e}?z"?) 7" or se=hwz"?/2¢}*>. This
value of &€ is consistent with an uncertainty of
de=h/At, where At is the tunneling time given by
At =E}M*(m"2w/eEy)/w as discussed in the introduction
in Ref. 9. For the parameters of this experiment the un-
certainty in the initial energy is ¢ =0.4 eV. Numerical
calculations using Reiss’s theory for the angular spread
of the electrons produced by linearly polarized light are
consistent with the same Je.

Aside from its intrinsic interest, ATI will be important
in a general sense for plasma physics. By varying the po-
larization and wavelength of the ultrashort ionizing laser
pulse, the electron temperature of an underdense plasma
can be chosen. For near uv laser radiation, we estimate
that plasmas with electron temperatures of about 10% of
the ionization potential can be generated for ionization
potentials up to 100 eV. On the other extreme, consider
a helium plasma ionized by circularly polarized, pi-
cosecond, 10-um radiation. The calculated electron en-
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ergy is 10 keV. If the second electron is removed from
the helium by the laser field, the energy of this additional
electron would be > 100 keV (the classical theory of
ATI can be readily generalized to the relativistic case).
To form a thermalized plasma the electrons must be
confined electrostatically and electron-electron scattering
is required.

The authors wish to acknowledge discussions with C.
Rolland and S. L. Chin. We especially wish to thank S.
L. Chin for the use of the electron spectrograph for these
measurements and D. Joines for his continued technical
assistance.

Note added.— Some aspects of the classical model
have been recently discussed in the context of microwave
ionization experiments by Gallagher. "'
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