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We quantify interference effects on radiation by calculating the angle- and energy-resolved Larmor radiation
from atomic ionization in the focus of ultraintense field. Our calculations use a Monte Carlo classical and
semiclassical tunneling probability current models of ionization for intensities in the range of
1016 to 1020 W /cm2. For nonrelativistic intensities, whether the radiation from the photoionization is treated
coherently or incoherently, classically or semiclassically, leads to a negligible effect on radiation. For relativ-
istic intensities, coherently summing across the tunneling ionization probability current decreases the radiation
by an order of magnitude when compared to classical ionization or incoherent summation of the radiation from
the tunneling ionization probability current. The interference effect is most pronounced for high-energy pho-
tons since ionization and the electron quiver may be 1 �m and extends over multiple radiation wavelengths.
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I. INTRODUCTION

With the advent of tabletop ultrafast laser systems capable
of delivering intensities exceeding 1019 W /cm2 �1–6�, we
have began to witness observation of unique physical phe-
nomenon in the ultrahigh intensity regime. Current experi-
ments include the creating of multi-MeV heavy ions and pro-
tons �7�, photonuclear fission �8�, extreme ionization of
atomic clusters �9�, relativistic laser-plasma interactions �10�,
and new applications to plasma waveguides �11�. The future
directions �12� of ultraintense laser science have broad fron-
tiers that stretch to include fusion energy development and
astrophysics. Some of the most fundamental ultraintense
field physics involves the interaction of the ultrastrong field
with the atom. This interaction, for example, addresses the
scattering of relativistic electrons �13,14� by a high intensity
laser produced via ionization in its focal region �15–17�. In
this interaction photoelectrons ionized in an ultrastrong field
��1018 W /cm2� �18–20� quiver with a velocity close to the
speed of light, the magnetic field of the ionizing laser field
becomes significant and the motion of these ionized free
electrons is nonlinear. It has been proposed to use the non-
linear motion of relativistic electrons inside the laser field to
produce high-order harmonics of the incoming laser light
�21� and there is a growing interest in the physics of the
radiation from laser acceleration of photoionization �22–26�
at “relativistic intensities.” Recent theoretical work �27�,
based on Dirac charge current and classical electrodynamics,
studies scattered radiation from a laser driven arbitrarily pre-
pared Dirac wave packet and has shown deviations to purely
classical calculations in the high-frequency part of the scat-
tered spectrum.

The purpose of the paper is to clarify the impact of an
incoherent versus a coherent treatment of the radiation from
photoelectrons when the ionization, i.e., tunneling, is coher-
ently driven. Though there are some indications from plasma
experiments the process may be incoherent �28�, it is not
known experimentally whether radiation from coherently
ionized and field accelerated photoelectrons in ultrastrong
fields is incoherent, coherent, or partially coherent. This pa-
per reports a theoretical investigation contrasting a classical

treatment of the atomic process with semiclassical, incoher-
ent, and coherent treatments. We employ the semiclassical
trajectory ensemble model to represent the electron wave
function in the continuum, which has been successful in pre-
dicting correlated multielectron ionization �29� and the cutoff
photon energy associated with higher-order harmonic gen-
eration �30�. The results are presented here for 800 nm laser
radiation, but similar results are expected for other visible
and IR laser wavelengths �31,32�.

The results presented extend previous works of an elec-
tron interacting with an intense electromagnetic field �33–40�
by including the ionization process itself. We compare the
traditional classical treatment of the electron in the con-
tinuum with that of a semiclassical current distribution treat-
ment that includes interferences of the extended electron
wave function in the continuum. We also address how the
coherence can significantly change the spectral power and
angular distribution expected from atoms in ultrahigh fields.
Since the photoelectron dimensions are on the length scale of
the driving-field wavelength, interference when emitting
light could lead to enhancement and/or reduction of the emit-
ted light depending on the coherence.

II. METHODOLOGY

The ultrastrong radiation model we use here is divided as
follows: atomic photoionization, electron dynamics for the
photoelectron in the continuum, and calculation of the radia-
tion from the accelerated relativistic motion of the photoelec-
trons across the laser field. The laser pulse used for these
calculations �Elaser, Blaser, linear polarization, 800 nm central
wavelength, and 20 fs full width at half maximum Gaussian
temporal profile� is comparable to current high-field experi-
ments �41,42�. The two different spatial modes considered
are a plane wave and f /1.5 TEM00 nonparaxial laser focus
calculated to a field accuracy of 0.5%, i.e., third order non-
paraxial terms �43,44�. Two models of ionization are consid-
ered: a classical model based on Monte Carlo tunneling and
a semiclassical model using a trajectory ensemble adaptation
of tunneling. The ionization contribution is generally consid-
ered from a single charge state; Ne8+ at 2�1017 W /cm2,
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Ar10+ at 2�1018 W /cm2, Ar16+ at 1.2�1019 W /cm2, Na10+

at 5�1019 W /cm2, and Na11+ at 1.2�1020 W /cm2. Results
for ionization from multiple charge states preceding the peak
intensity have also been calculated �45� but do not differ
significantly from a single charge state result. These ions
were chosen because they have a net ionization probability at
the specified intensity of typically 10−3 to 10−2. A cluster of
32 Opterons with 2.4 GHz processors were used for these
calculations.

Radiation from the photoionization of a single atom is
calculated with classical �C� and semiclassical �SC� treat-
ments. For the semiclassical case, the radiation from the ex-
tended ionization current of the photoelectron is summed
two ways, “incoherently” and “coherently,” to contrast the
differences between these two interpretations of how the
photoelectron may radiate. We then proceed to calculate the
emitted radiation from atoms in a realistic three-dimensional
�3D� laser focus. The focal geometry calculations from many
atoms are directly comparable to the results expected from
experiments.

A. Classical and semiclassical ionization dynamics

For classical calculations, we merge strong field tunneling
ionization with a Monte Carlo �MC� technique which has
been described in �45�. Briefly, the tunneling ionization rate
during the laser pulse is calculated according to the ioniza-
tion based on hydrogen orbitals extended to complex atoms
by Ammosov, Delone, and Krainov �ADK� �46�. The ADK
theory is essentially an extension of Perelomov, Popov, and
Terent’ev �PPT� �47� theory where states of complex atoms
are characterized by effective principal and orbital quantum
numbers. The tunneling ionization treatment used in this pa-
per limits the maximum intensity to approximately
1020 W /cm2, beyond this intensity the laser magnetic field
and relativistic effects may affect the fundamental ionization
mechanism �48�. No experimental measurements have veri-
fied the atomic ionization mechanism above a few times
1019 W /cm2. Whether or not ionization occurs “at this
phase” is determined by a weighted random number genera-
tor. When ionization occurs a single classical electron, i.e., a
point charge, is liberated at the location of the atom from the
bound state to the continuum. Over many ionization events,
the MC ADK mechanism provides a linear mapping of the
classical ionization to the ADK tunneling rate �45�.

For semiclassical calculations, ionization for a single
atom is calculated according to ADK tunneling for each
phase of the laser pulse. Rather than a discrete ionization
event as in the MC ADK case, here a trajectory ensemble
weighted by the fractional ionization probability for that
phase is liberated to the continuum. In this semiclassical ion-
ization model, the trajectory ensemble weighted by the ion-
ization probability is an approximation for the tunneling
probability current of the quantum electron. In Fig. 1�a� the
appearance of the electron probability in the continuum is
plotted as a function of time and shown to be very similar for
the classical MC ADK and semiclassical ADK calculation. It
is important to note the MC ADK classical ionization case
�which for a single event is a step function� is shown for

many MC events and so represents an average. In Figs. 1�b�
and 1�c� the spatial distribution of the electron probability
after a single atom interacts with the field for few cycles is
shown. While classical ionization gives rise to a single point
electron �Fig. 1�b�� the tunneling ionization current appears
continuously �Fig. 1�c�� with maximum bursts at the peaks of
the electric field.

For both classical and semiclassical ionization methods,
the photoelectron dynamics are calculated by solving the
relativistic equations of motion in the laser electric and mag-
netic field. We use a Runge-Kutta ordinary differential equa-
tion solver with relative error tolerance threshold of 10−6,
local error threshold of 10−12, and time step typically of the
order 10−4 fs. Since the motion is on the scale of nm to �m
and the electron energies are of order 10 times the ionization
potential energy, the Coulomb field of the core atom or ion
does not affect the dynamics. Also the interaction is consid-
ered in the low-density limit so space charge effects and hard
collisions �collisions with low impact parameters� are ne-
glected. Radiation damping is not accounted for in the cal-
culation since the ratio of the total radiated energy per cycle
to the average kinetic energy of the electron is less than 10−6.

B. Superposition of the radiation

Classically the emitted electric field measured at an ob-
servers position x� from a relativistically moving charge q
with a trajectory y��t� is obtained from the Lienard-Wiechert
potential �49� given by

FIG. 1. �Color online� Plot of ionization probability �a� as a
function of time across the laser pulse �thin line� for the MC tun-
neling �dashed� classical model and tunneling ionization probability
current �wide line� semiclassical tunneling. Shown in �b�,�c� are 2D
plots of the electron density for a classical electron �dot, �b�� and
the tunneling ionization probability current �c� in a 75 nm �horizon-
tal, k� by 800 nm �vertical, E� frame from an atom ionizing �located
at the white tick on the left center of each frame� a few cycles after
ionization begins. Superimposed on the frames are the vector x, y,
and R for the case when the atom is located at the origin. In �c� a
representative charge segment f jq is circled in white.
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E� �R� ,t� =
q

4�c
� n� � ��n� − �� �� � ��̇

�1 − n� · �� �3�R� �
� , �1�

where R�t�= �x� −y��t��, n̂= �x� −y��t�� /R�t�, ��t�=y�̇�t� /c
= �1 /c��dy /dt��t�, and c is the speed of light. Since �x� � � �y��,
R2��x��2. For the purposes of comparison, all reported fields
and radiated energies are normalized for a yield expected

from a single electron. The vectors x�, y��t�, and R� �t� are
shown superimposed on Figs. 1�b� and 1�c�.

In the plane wave �1D� classical ionization case the yield
we report in this paper represents an average of hundreds to
thousands of Monte Carlo photoelectrons for atomic ioniza-
tion across a broad range of phases. Most of the radiation
comes from electrons ionized at the peak of the field, how-
ever, the method accurately accounts for “off peak” ioniza-
tion rates. For a single MC ADK ionization event, the emit-
ted electric field is given by Eq. �1�. For a number of atoms
ionized N, the total radiated energy is the classical total ra-
diated energy, WC, per unit solid angle normalized to an av-
erage yield per photoelectron given by

dWC

d�
= � c

4�
�R2

N
	
i=1

N 

−�

�

�E� i�R� ,t��2dt . �2�

In the plane wave semiclassical treatment a single atom is
adequate to accurately capture the emitted field response
from the ionization current since ionization occurs over all
phases; however, the normalization for the fractional ioniza-
tion must be correctly taken into account. For a total number
of M phase steps that comprise the semiclassical ensemble,
the radiated electric field from the jth phase step of the en-

semble E� j�R� , t� is obtained by replacing q in Eq. �1� with the
weighted charge f j q, where f j is the fractional ionization
probability at a given laser phase �see Fig. 1�c��. For inco-
herent and coherent superposition of the radiation from the
tunneling probability current, the sum of the radiation and
normalization must be done differently. For the incoherent
case, the total radiated energy per unit solid angle from the
SC tunneling probability ionization current is given by

dWSC-incoherent

d�
= � c

4�
�R2


−�

� �	
j

M

„E� j�R� ,t�…2

	
j

M

f j
2�t� �dt . �3�

In the case of a coherent superposition of the radiation from

the tunneling probability current, E� j�R� , t� must be summed
before being squared to allow for interference, i.e.,

E� SC-coherent�R� , t�=	 j=1
M E� j�R� , t�. The total radiated power per

single electron ionization event is then calculated by normal-
izing to the total ionization probability squared,

dWSC-coherent

d�
= � c

4�
�R2


−�

� ��	
j

M

E� j�R� ,t��2

�	
j

M

f j�t��2 �dt . �4�

Here again M is the sum over the SC ensemble, not the sum
over the ionization from different atoms.

The previous cases �Eqs. �1�–�4�� address the radiation
from the interaction of the atom with a plane wave. Calcu-
lations for atoms distributed in a three-dimensional �3D� la-
ser focus include an addition spatial sum for the radiation
across all the ionizing atoms in the focus. Spatial summa-
tions for radiation between different atoms in all cases �i.e.,
WC, WSC-incoherent, WSC-coherent� are done coherently; the total
radiation field is equal to the sum of the fields from all the
atoms. For the classical case, the form of Eq. �2� is the same,
but the index N represents a sum of all ionization events
across the focus and not an average of many atoms at a
single location as for the plane wave case. In the SC tunnel-
ing probability current case, an additional sum is included
over the N atoms ionizing in the laser focus incorporated as
shown in Eqs. �5� and �6�. It is important to note that
WSC-incoherent in the focal geometry case involves an incoher-
ent sum of the radiation from the tunneling ionization prob-
ability for a single atom but a coherent sum of the radiation
between different atoms. For the fully coherent case
WSC-coherent, the radiation sums from the tunneling probability
current and between atoms are treated coherently,

dWSC-incoherent

d�
= � c

4�
�R2


−�
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i

N

	
j

M

„E� j�R� ,t�…2

	
i

N

	
j

M

f j
2�t� �dt , �5�

dWSC-coherent

d�
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4�
�R2


−�

� ��	
i

N

	
j

M

E� j�R� ,t��2

	
i

N�	
j

M

f j�t��2 �dt . �6�

With respect to scaling, without normalization the radiated
power scales as N for the incoherent WC and WSC-incoherent
cases and as N2 for the WSC-coherent case.

III. RESULTS AND DISCUSSION

A. Total radiated energy and power spectrum
in a pulsed plane wave laser field

Figure 2 shows the total radiated energy from a photoelec-
tron in a one-dimensional plane wave laser pulse with the
three different treatments of the radiation: classical photoion-
ization, and the tunneling probability current summed inco-
herently and coherently. The radiation yield in the figure is
given in units of energy per photoelectron �eV/electron�. The
results are discussed in terms of three different intensity re-
gimes �45� based on the relative size of the electron quiver
motion �	0=a0
 /2�, where a0=eE0 /m�c� to the wave-
length of the emitted radiation 	0�
 /10 region I, 
 /10
�	0�
 region II, and 
	0 region III.
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At intensities of 1017 W /cm2 �	0=38 nm� and less, high-
lighted as region I in the figure, the quiver amplitude is
small. In this region, the total radiated energy from a photo-
electron, whether classical, semiclassical, coherent, or inco-
herent, is identical. The quiver amplitude is sufficiently small
that interference effects in the radiation are negligible. For
laser intensities in the range �1017 W /cm2 to 1019 W /cm2,
Fig. 2 region II� the electron quiver may be up to 300 nm.
The total radiated energy from a classically ionized electron
is still identical to the incoherently summed SC tunneling
probability current. However, interference effects in the co-
herent sum reduce the radiated energy from one-half to one-
fifth of the incoherent treatments.

Finally, for laser intensities greater than 1019 W /cm2 �Fig.
2 region III�, the electron quiver width exceeds the funda-
mental wavelength. Figure 2 shows for this intensity region
the radiated energy from a classically ionized electron and
incoherent sum of the tunneling probability current are indis-
tinguishable. Continuing the trend from region II the coher-
ently summed radiation from the tunneling probability cur-
rent is 50 times smaller than incoherently summed radiation
at an intensity of 1.2�1020 W /cm2. This is attributed to the
1 micron electron quiver amplitude that results in significant
interference effects.

Figure 3 shows the power spectrum of the radiated energy
�Fig. 2� for intensities �Fig. 2�a�� 2�1017 W /cm2, �Fig. 2�b��
1.2�1019 W /cm2, and �Fig. 2�c�� 5�1019 W /cm2 with the
three models of ionization MC ADK, SC incoherent, and SC
coherent. From the figure, one can see the power spectrum
calculated with classical MC ADK ionization and SC-
incoherent model are identical. The radiated power drop at
higher intensities seen in Fig. 2 for the coherent sum are
manifested as a progressive decrease in the relative high-
frequency radiation in Figs. 3�a�–3�c�. While in Fig. 3�a� the
power spectrum for all cases is nearly identical, in Figs. 3�b�
and 3�c� the higher frequency radiation is lower by an order
of magnitude. This observation corroborates the earlier inter-
pretation of destructive interference for relativistic intensities
where the photoelectron excursion is equal to or exceeds the
wavelength of the radiation and results in a significant phase
shift. The spectral amplitude from coherent averaging over
the tunneling probability current is about a factor of 10 less

than that from a classically ionized electron. For higher en-
ergy photons with 
�	0, the spectral amplitude from a clas-
sically ionized electron is as large as 35 times that of a co-
herent average over an ionization probability current. In all
cases, up to the maximum intensity of 1020 W /cm2 studied,
there is no observed difference in the integrated scattered
fundamental radiation.

B. Angle resolved radiated energy from ionization
in a pulsed plane wave laser field

The polar angle �� measured from the k vector of the
drive laser field� resolved total radiated energy is shown in
Fig. 4 from a single classical electron and a tunneling prob-
ability current summed coherently in a one-dimensional
plane wave laser pulse. �The incoherently summed ionization
current result is indiscernible from the classical case.� The

FIG. 2. �Color online� Radiated energy versus laser intensity
from a classically ionized electron �solid, black�, incoherently
summed tunneling probability current �dashed, blue� and coherently
summed tunneling probability current �dotted, dark yellow�.

FIG. 3. �Color online� Total spectral amplitude of the radiated
field from atomic ionization at intensities �a� 2�1017 W /cm2, �b�
1.2�1019 W /cm2, and �c� 5�1019 W /cm2 from a classically ion-
ized electron �solid, dark yellow�, incoherently summed tunneling
probability current �dashed, blue�, and coherently summed tunnel-
ing probability current �dotted, black�.

FIG. 4. �Color online� Angle-resolved radiated energy for ion-
izations in plane wave laser field with peak intensities �a� 3
�1016 W /cm2, �b� 2�1017 W /cm2, �c� 2�1018 W /cm2, �d� 1.2
�1019 W /cm2, �e� 5�1019 W /cm2, and �f� 1.2�1020 W /cm2 for
a classical photoionization �solid� and coherently summed tunneling
probability current �dotted�.
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radiation yield in the figure is given in units of energy per
photoelectron per unit angle �eV/photoelectron degree�. At
laser intensities from 3�1016 W /cm2 to 2�1017 W /cm2

�Fig. 3�a� and 3�b��, the electron motion is nonrelativistic
with �= �1−v2 /c2�−1�1.01 to 1.05 and the interaction can
be treated in the dipole limit, i.e., the radiated energy shows
angular symmetry with maximum radiated energy at a polar
angle �=0° and minimum at �=90°. As the intensity is in-
creased to 2�1018 W /cm2 the interaction becomes relativis-
tic ���1.5�, which destroys the polar angle dipole radiation
pattern symmetry. Furthermore, a clear distinction can be
made between a classically ionized electron and coherent
radiation treatment from a tunneling probability current.
Since the radiation is identical for both methods at �=0°
�Figs. 4�c�–4�f�� and is increasingly different as one looks in
x� away from k, one can infer the distinction between the two
cases has an origin in interference since there is no phase
difference in the propagation direction.

As the laser intensity is increased to 1.2�1019 W /cm2

���4� the radiation is peaked at �=60° and resembles more
closely the radiation pattern expected for relativistic acceler-
ated charge. For a laser intensity of 5�1019 W /cm2 ��
�12� the radiation yield from a classically ionized electron
is singly peaked at a polar angle ��30° while radiation from
semiclassical ionization treatment with coherent averaging
has two peaks located at ��0° and ��30°. As mentioned,
the radiation yield from the two treatments of ionization at a
polar angle ��0° is identical; however, as one sweeps to
larger polar angles towards the secondary peak at ��30° the
radiation yield from coherently summed tunneling probabil-
ity current is drowned by a factor of approximately 50 due to
interference. In Fig. 4�f� at 1.2�1020 W /cm2 the electron
motion is ultrarelativistic with a peak ��30, radiation emit-
ted at ��20° and an incredible factor of 100 difference in
the peak radiation yield from coherent tunneling ionization
probability current compared to that of a classically ionized
electron.

C. Radiation from classical and semiclassical ionization
in a pulsed focused laser field

Until now we have discussed only the results for a single
ionization event in a 1D plane wave laser pulse. In this sec-
tion we include radiation in a three-dimensional high inten-
sity laser focus where multiple atoms and/or ions are distrib-
uted randomly and uniformly in the laser focus. The density
of atoms is varied to converge on a density independent re-
sult while avoiding interatomic spacing effects �50�.

Figure 5 shows the total radiated energy from classical
MC ADK ionization and SC coherent ionization in a three-
dimensional laser pulse. The radiation yield is normalized in
the figure to the total amount of photoionization with units of
energy per photoelectron �eV/electron�. Figure 5 shows at
intensities of 1017 W /cm2 and less, highlighted as region I in
the figure, there is slightly more of a difference between Wc
and WSC-coherent compared to Fig. 6�a�. Overall though, the
results are consistent with the 1D plane wave results. Any
difference from the plane wave case is expected to be rooted
in the increased drift energy of the electron from the accel-

eration of the photoelectron out of the focus. For laser inten-
sities in the range �2�1017 W /cm2 to 5�1019 W /cm2,
Figs. 5 and 6�, the results in the focal geometry case are
qualitatively identical to those for the one-dimensional
analysis, i.e., a reduction in the high-frequency radiation due
to interference in the extended tunneling ionization probabil-
ity current compared to the “perfect” coherence of a point
classical electron.

Closer examination of Fig. 2 and Fig. 5, however, reveals
a significant difference between the idealized 1D case and
the 3D focal geometry used in experiments. In regions II and
III, the quantitative yields do not agree. Beginning at about
1018 W /cm2 the yields diverge. While in the one-
dimensional case the radiated energy for the incoherent �co-
herent� mechanism increases as I1.5 �I0.8� in region II to I1.8

�I1.1� for region III, for the 3D case the intensity dependence
in region II is only I0.34 �I0.11� and I1.36 �I0.4� in region III. By
a few times 1019 W /cm2, all radiation yields are 10 times
lower for the focal geometry case than the respective yields
in the plane wave case. This difference in the intensity de-
pendence is due to electron-electron interferences between
atoms ionized at different locations in a laser focus. Compar-

FIG. 5. �Color online� Radiated energy versus laser intensity
from classical photoionization �solid�, and coherently summed tun-
neling probability current �dotted�. Three regions �see text� are
highlighted in the figure.

FIG. 6. �Color online� Total spectral amplitude of the radiated
field from atomic ionization at intensities �a� 2�1017 W /cm2, �b�
1.2�1019 W /cm2, and �c� 5�1019 W /cm2 from classical photo-
ionization �solid� and coherently summed tunneling probability cur-
rent �dotted�.
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ing the results at the peak intensity of 1020 W /cm2 the co-
herent superposition of the radiation across the focal geom-
etry has a larger effect than any difference in the way the
ionization is treated; the degree of the coherence of the ra-
diation across the focus can affect the radiation yield to a
greater extent than the incoherent or coherent treatment of
the radiation during the ionization process. Figure 6 is a plot
of the power spectrum for the radiated harmonics at three
different focal intensities. As one compares Fig. 3�c� to Fig.
6�c� the absolute difference in the radiation is 100 times for
the first few harmonics and 1000 times for the radiation near
100 eV.

D. Angle and energy resolved radiation yield for ionization
in a pulsed focused laser field

The angle and energy resolved radiation yields are pre-
sented in Fig. 7 for the focal geometry case. The plots are
comparable to Fig. 3 but offer the additional derivative of the
yields as a function of frequency. The radiation from classi-
cally ionized photoelectrons �essentially synonymous with
the incoherently summed tunneling probability current� are
shown in Figs. 7�a�, 7�c�, 7�e�, 7�g�, and 7�i� and the coherent
tunneling probability current results in Figs. 7�b�, 7�d�, 7�f�,
7�h�, and 7�j�. The logarithmic scale used in the plot is nor-
malized to the peak radiation yield from classically ionized
electrons in the respective laser field intensity.

An inspection of Fig. 7 reveals as one progresses beyond
the dipole response �Figs. 7�a� and 7�b�� to ultrahigh fields
coherently interfering radiation consistently occurs at larger
angles in � compared to incoherently summed or classical
ionization. Furthermore, the cutoff, or high-frequency radia-
tion, is always lower for coherently summed radiation by
factors of 3 to 4 when the intensities are between
1019 W /cm2 and 1020 W /cm2. This poses some difficulty for
experiments since the difference between coherent and inco-
herent radiation is similar to the difference one would expect
by a simple change in intensity. The possibility for confusion
in this case of alternate causality can be seen by comparing,
for example, Fig. 7�h� for coherent radiation at 5
�1019 W /cm2 with Fig. 7�e� for incoherent radiation at
1.2�1019 W /cm2. Similar comparisons can be made for Fig.
7�j� to Fig. 7�g�. This observation combined with the N2

effect of the focal geometry, the clearest identification of
coherence from radiation in ultrastrong fields may come
from the intensity dependence of the radiated power.

The radiation yield from the highest intensities studied
involve photoionization at a peak intensity of 1.2
�1020 W /cm2. The radiation is peaked at a polar angle ��
�34° � for classically ionized electrons and ���45° � semi-
classical ionization case with a cutoff photon energy for clas-
sically ionized electrons extending out to �h��1.75 keV�
while for semiclassical ionization it extends out to �h�
�420 eV�.

IV. CONCLUSION

These results on the radiation from ultrahigh-field ionized
atoms have characterized the role of coherence on the yield
from the dipole response up to the currently known limit of
tunneling ionization at 1020 W /cm2. We find a classical view

of ionization results in the same yield as a tunneling ioniza-
tion probability current treatment when the radiation sum
across the current is done incoherently. In the case that one
assumes perfect coherence of the radiation across the tunnel-
ing current, the observed radiation decreases when the excur-
sion of the photoelectron is comparable to the wavelength of
the emitted radiation due to interference in the far field.
When comparing the plane wave case to the focal geometry,
the coherence of the radiation across the micrometer spatial
extend of the focus has a larger affect on the observed yields
the degree of coherence within the tunneling ionization cur-
rent and interference from the photoelectron excursion 	0 for
a single photoionization event. Additional difficulties may be
faced by experimental studies because changes in the coher-
ence and changes in the intensity can have a similar effect on
the observed radiation.

FIG. 7. �Color online� Angle- and frequency-resolved total ra-
diation yield for �a�,�b� 2�1017 W /cm2, �c�,�d� 2�1018 W /cm2,
�e�,�f� 1.2�1019 W /cm2, �g�,�h� 5�1019 W /cm2, and �i�,�j� 1.2
�1020 W /cm2 for classical �a�, �c�, �e�, �g�, �i� and coherently
summed tunneling probability current �b�, �d�, �f�, �h�, �j�.
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