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Coherence effects in nonlinear Thomson scattering by electrons born from the same atom
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We investigate theoretically nonlinear Thomson scattering by multiple electrons ionized from individual atoms
during a short high-intensity laser pulse. The emitted light is influenced by the distance that the electrons move
apart from each other during the passage of the pulse, owing to coherence effects. We examine trajectories of
electrons born from the same atom via successive ionizations as the laser pulse ramps up. While the overall
trajectory of an individual electron is influenced by the ponderomotive force, we find that the separation
between electrons arises mostly from stronger and differing initial drift velocities associated with the moment
of ionization in the laser field. In the case of helium, we find that the separation between its two ionized
electrons becomes appreciable (compared to emitted wavelengths) primarily along the dimension of laser linear
polarization. This distorts the angular emission patterns of nonlinear Thomson scattering in comparison with
emission from individual free electrons. Radiation scattered perpendicular to the laser polarization tends to add
constructively, while radiation scattered along the direction of linear laser polarization tends to add incoherently.
This effect becomes more pronounced for atoms with higher numbers of ionized electrons. The effect influences

primarily the lower harmonic orders.
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I. INTRODUCTION

Free electrons in a sufficiently intense laser field can
emit harmonic radiation through nonlinear Thomson scat-
tering. A classical understanding of this process began in
1951 when Landau and Lifshitz showed that electrons should
execute figure-8 motion in a linearly polarized plane wave
if the intensity is sufficient to drive relativistic motion [1].
Vachaspati pointed out in 1962 that electrons undergoing such
motion will radiate both odd and even harmonics [2]. In
1970, Sarachik and Shappert published a landmark theoretical
treatment of classical nonlinear Thomson scattering [3]. The
theoretical analyses of light scattering from laser-driven free
electrons at relativistic intensities have been revisited by many
researchers since [4—18].

Experimental measurements have often used energetic
electron beams that collide with laser pulses [19-26]. This
results in Lorentz-boosted scattering in the form of highly
directional beams of x rays. Relatively few measurements
have been made of nonlinear Thomson scattering from elec-
trons that drift only modestly relative to the laboratory frame
[27-30]. The low cross section of electron-photon interactions
requires thousands of free electrons in a laser focus to make a
measurement, but the density should be low enough to avoid
interactions between, for example, electrons and parent ions if
used to donate the free electrons.

We recently reported on the angular distribution and polar-
ization of fundamental, second-harmonic, and third-harmonic
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light scattered from electrons ionized from low-density he-
lium [31,32]. In the analysis of that data, we summed
incoherently the emission from ionized electrons without re-
gard for the common initial position of electron pairs born
from individual atoms during the laser pulse. In this paper, we
consider how multiple electrons ionized from the same atom
can produce coherence effects in emitted nonlinear Thomson
scattering.

The possibility that the ionization process imprints coher-
ence effects on the photoemission from multiple electrons
freed from the same atom may provide further insights into
strong-field ionization. Indeed, whether the quantum proba-
bility current of ionizing electrons emerges from atoms over
several laser cycles or more abruptly during a rapidly in-
creasing laser field is a topic of interest [33—-39]. Moreover,
coherence effects in the photoemission from multiple-electron
quantum wave packets driven by an ultraintense laser field
have been the topic of recent theoretical investigation [40].

We explore the extent to which the radiation scattered from
free electrons originating from the same atom will be coher-
ent, and whether the coherence, when present, will exhibit
angular dependence. In essence, the answer to this prob-
lem amounts to estimating the relative positions of electrons
when they emit radiation. If their separation remains small
compared to the scattered wavelength, then obviously their
radiation will be coherent, but as we shall see, this is not
always the case.

II. COHERENCE

We summarize briefly coherence effects in the radiation
emitted from two electrons. Let k; and k, be the wave vectors
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of the incident and scattered radiation respectively, and d
the difference in position between two electrons when they
emit radiation. The directionally dependent phase difference
of their emissions is

2nN 5
(e —é)-d, ey
A
where N is the harmonic order of the emission and A is
the wavelength of the incident radiation. In our earlier ex-
periments [31,32], N is slightly smaller than the harmonic
order due to a redshift caused by a forward drift of electrons
during the laser interaction. In Eq. (1), &; and é; refer to the
direction of the scattered light and that of laser propagation,
respectively. The redshift is more pronounced for emission in
directions that are farther from the direction of laser propaga-
tion.
Constructive interference occurs for a phase difference up
to /2, or, equivalently, if

A¢p = (k, — Nk;)-d =

——= >N 2
46, —2)-d

where we have used the replacement k; = 2w N/A. For scat-
tering in the forward direction this condition is automatically
satisfied, since é; — ¢é; is tiny. In this particular direction, a
much stronger beam occurs due to constructive interference
between all electrons in the interaction region.

Notice, however, that emission is influenced by electron
separation along the direction of observation d as well as
by the time delay between the interactions of the laser field
with each electron. The former effect is governed by ki-d
and the latter by ki-d in Eq. (1). That is, coherent emission
occurs when (123 — NE,-) .d is small, either because &, and ¢;
are aligned, because the electrons are close together such that
d is small, or because the dot product is small on account of
orthogonality.

In this paper, we will make the approximation that elec-
trons immediately become free upon ionization, since the
electric field of the laser dominates as electrons move only
a tiny fraction of a laser wavelength away from their parent
ions. In addition, during a laser pulse lasting a few tens of
femtoseconds, atoms and ions move imperceptibly compared
to a laser wavelength, so they may be thought of as remaining
essentially at the same position during the multiple ioniza-
tions. Finally, after becoming free, electrons pick up kinetic
energy from the laser field that far surpasses their ionization
potentials. Therefore, it is reasonable to neglect any intrinsic
velocity that an electron may possess as it first detaches from
its parent ion. Please note the distinction between the initial
velocity of an electron upon ionization that we mention here
and the concept of “drift velocity” to be used later (Sec. IV),
which refers to the mean velocity (averaged over a cycle) that
a free electron can acquire in the gradient of a laser pulse.

III. IONIZATION

The probability that an electron has become ionized from
its parent atom at any moment during a laser pulse may be
written

P(t) =1 —¢ [=W0s 3)

where W (t) is the ionization rate, which inherits time de-
pendence through the local laser field. The probably that an
electron becomes ionized within time interval At is then

AP =W (t)e J-W&ds pp | 4

In this paper, once an electron becomes ionized, we will treat
it classically. This is justified both theoretically [41-43] and
experimentally [44] by the fact that an electron quantum wave
packet driven by a electromagnetic plane wave emits with the
strength of a classical point emitter, independent of its spatial
extent (i.e., the size of its spreading wave packet).

The simplest model for ionization is an instantaneous one,
where electrons are completely bound until a threshold elec-
tric field is achieved, whereupon the electron is suddenly
released. In this case, the ionization probability density might
be written as

d
EP(I) =0t —1) &)

where f#; is the earliest moment when a critical field is
achieved. An estimate for this field may be obtained classi-
cally from the suppression of a Coulombic barrier, i.e., barrier
suppression ionization (BSI) [33]:

eg®d?
Ze3

Here Z is the charge state of the ion or atom, and @ is the
binding energy of the electron that is ionized.

We will also employ the widely used Ammosov-Delone-
Krainov (ADK) model of ionization [45,46]. For this model,
the ionization rate is

(6)

or —
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Here n, [, and m are the orbital quantum numbers, and n* =
Z\/®,/(2D) is the effective principal quantum number of the
atom or ion. In the above formula, we have

E [®,\?
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where [* =nj — 1 is an effective orbital quantum number,
calculated from the effective principal quantum number of
lowest state with the given quantum number ! [47]. Finally,
the above formulas include the characteristic atomic energy
@, and electric field E,. These are defined by

_ mee4 (10)
“7 (4Rt
m2€5
£ (11)
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Figure 1 shows the probability of ionization per time cal-
culated for helium using the ADK model together with the
electric-field intensity expressed in terms of the dimensionless
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FIG. 1. Probability per time, AP/At (thick red line), given by
Eq. (4), for the first ionization of helium using ADK. The thin gray
line represents the square of the electric field (i.e., instantaneous
intensity) expressed in terms of the dimensionless quantity a*>. The
dashed vertical line marks the instant when ionization would occur in
the instantaneous model, i.e., when barrier suppression is achieved.
Time is in units of laser periods 7" with ¢ = 0 corresponding to the
local peak of the laser pulse.

parameter
eE

km,c?

a (12)
This probability density was calculated using a laser pulse
with the characteristics described in the next section, assum-
ing the helium atom is located at the center of the laser focus.
ITonization occurs mostly within the first two half periods after
E.; is reached. Also note that most ionization occurs around
the peaks of the laser oscillations.

As will become evident later in this paper, the calculated
nonlinear Thomson scattering is not overly sensitive to the de-
tails of the ionization model used to produce the free electrons
that subsequently scatter the light. The essential ingredient is
that ionization happens over several laser oscillations during
an expected intensity range, which typically occurs several
orders of magnitude below the intensity required for nonlinear
Thomson scattering. Electrons ionized by the less realistic
instantaneous model exhibit modest differences in their coher-
ence relative to electrons ionized more gradually. Of course,
for simulations using classical point electrons, gradual ioniza-
tion is incorporated through ensemble averaging with different
moments of ionization as dictated by the probability curve.

IV. ELECTRON TRAJECTORIES

The equation of motion for a free classical pointlike elec-
tron subject to a laser field is

d —e - N
()= —(E +7 x B, (13)
dt m,

where E and B are the laser electric and magnetic fields, and
v is the electron velocity. The equation is solved for electron
position 7(¢) subject to the condition that, at the instant of
ionization #;, the velocity of each electron is zero, and elec-
trons born from the same atom share the same initial position.
Solving these equations, we can find the separation dasa
function of time between two sibling electrons released from

a parent atom during the rising edge of a pulse. This will allow
us to investigate the coherence behavior indicated in Eq. (2).

We consider only linearly polarized incident radiation. For
our calculations, we employ the model for an x-polarized laser
pulse moving along the z direction used in Ref. [31], namely
[48,49]

Epe™ G (% + 599 — i%2)
F =Re ? . (14)

_ kg o2 2y
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where Z = 70 + iz and ¢ = kz[1 + (x> +y2)/Q|Z|»)] — wt
and ¢ is an initial phase. The Rayleigh range zo relates
to the radius of the focus wy through zo = kw(z) /2; T is the
pulse duration; @ and k have the usual meanings of angular
frequency and wave number. The associated magnetic field is
B = (Ey/c)X + (Ex/c)y + (E:/c)(y/x)Z.

In our analysis, we will use the following prototypical
experimental values [31]:

A = 800 nm, (15)
E
d= = =1 (I=21x10%W/ecm?), (16)
km,c
wo = 41 = 3.2 um, (17)
Py
r=12T = 122 =32 fs. (18)
C

Free-electron trajectories can be described as the su-
perposition of two movements (see Fig. 2): an oscillating
component, performing a figure-8 movement in response to
the driving pulse [3,27,31,50], and an overall drift movement
both along the direction of laser propagation and outward
from the laser axis due to ponderomotive forces. The latter
can influence the separation between electrons born from the
same atom during the passage of the pulse. However, pon-
deromotive forces tend to be similar for sibling electrons, and
their separation is often governed mostly by different initial
drift velocities associated with the phases and field strengths
upon ionization, at least until the peak of the laser pulse when
electrons undergo nonlinear Thomson scattering. Note that
the onset of nonlinear Thomson scattering is characterized by
a~1.

Figure 2 shows the x, y, and z components of a single elec-
tron trajectory starting from an arbitrary position in the focus.
One can notice the effect of an initial drift velocity along the
direction of laser polarization (x dimension), required for an
electron to be at rest upon release at a particular phase of
the laser field, in accordance with assumptions at the end of
Sec. II. This initial drift is the same that gives rise to, for
example, the plateau cutoff of high harmonics [51]. After a
time, the electron also acquires velocities in the y and z direc-
tions, owing to Lorentz-force drift and lateral ponderomotive
forces. Along the z direction, both the oscillatory motion and
the initial drift velocity are small on the scale shown, while
along the y direction oscillations and initial drift velocity are
both essentially zero. On the other hand, the direction of laser
polarization (x) exhibits strong oscillations and higher initial
drift velocity.

Figure 3 compares trajectories for a pair of electrons ion-
ized from a helium atom located at the same point used in
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FIG. 2. Trajectory of an electron along the x, y, and z axes, with an arbitrary initial position, calculated numerically using Eqgs. (13) and
(14). The dotted lines represent the initial drift velocity, calculated using Eqgs. (19) and (20). The time axis is adjusted so that# = O corresponds

to the pulse peak at the parent atom.

Fig. 2. Relevant to this paper is how soon the electrons signif-
icantly separate from each other as they interact with the laser
field. The larger separation acquired along the x axis (direction
of polarization) is primarily due to the different initial drift
velocities of the two electrons when they are born. Notice
that the separation between the electrons along the directions
perpendicular to the polarization remains small compared to
the wavelength (1 on this scale) until after the peak of the
pulse (att = 0).

In Table I, we show the results of a numerical simula-
tion, using Eqs. (13) and (14), for helium. The table shows
the average separation between its two electrons at the local
peak of the laser pulse. The computation was made using an
ensemble of 1000 electrons, randomly distributed throughout
the interaction region, that is within a cylinder centered on the
focus with radius wq and length 2z,. This is done for both
the ADK and instantaneous ionization models. The table also
shows the average time Ar between ionization and the local
pulse peak, as well as components of the average initial drift
velocity for each of the two electrons. From Table I, one can
appreciate that separation between the electrons along the y
and z dimensions, d, and d_, is an order of magnitude smaller
than the separation along the x dimension, d.

V. ESTIMATE OF TRAJECTORY SEPARATION

The initial drift velocity is an important factor affecting
the spatial separation between electrons. Depending on the
exact moment that the electron breaks free from its atom, it
inherits an initial velocity. This initial velocity ensures that the
electron starts out at rest while oscillating with the particular
phase of the field. The initial drift velocity is given by [14,52]

_ (ar/2)sin 6;
o = e R 4 2526y (19)
Voy = 0, (20)

2 2
o = (a;/2)~(1 + 2sin” 6) 21

C 3
1+ (a;/2)*(1 4 2sin6;)

where a; and 6; are the strength, measured by Eq. (12), and
phase of the field at the moment of ionization. Whatever
model is used for ionization, we expect it to occur within
a few half periods of the instant when the critical field is
reached, used in the instantaneous model of ionization. We
therefore estimate the field strength with a; & ac,. Further, the
ionization states that we consider have a; << 1. We therefore
neglect the corrections in the denominator of Eqs. (19)—(21).
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FIG. 3. Trajectories along the separate axes of two electrons coming out from the same helium atom: first, red (light line in grayscale);

second, blue (dark line).
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TABLE I. Time of ionization (prior to local pulse peak, in units
of T') and initial drift velocities (in units of ¢) for the two electrons
of helium, and their separation (in units of 1) at the instant of max-
imum field strength. The table shows averages from 1000 electrons
randomly distributed inside a cylinder centered on the laser focus.
INST stands for ionization occurring exactly at the instant when
a = a,; ADK is given by the rate (7). The theoretical estimate TE
is computed following the results of Sec. V.

ADK INST TE
At 20.0 21.0 20.6
Aty 17.0 17.6 17.2
Uiy 0.0113 0.0096 0.0131
Vi, 0.0004 0.0002 0.0003
Uy 0.0251 0.0225 0.0320
V2, 0.0019 0.0014 0.0015
dy 0412 0.342 0.581
d, 0.052 0.043
d, 0.046 0.054

Moreover, taking (| sin 6;|) & 1/2, as we are mostly interested
in obtaining an order of magnitude and not an exact value, one
ends up with

(lvoxl) = %Cacrs (22)

(lvo:l) = 2cal, (23)

where a,; is calculated using the field strength E.,.

For not too large values of the coordinates x, y, and z of the
parent atom, one can approximate the envelope of the pulse
Eq. (14) by

—t 2 2 2
E ~ Eoexp|:— (e/c 5 ) :| © exp <_#)
T w,

JE+z3 0

Peak field intensity at the parent atom occurs at t = z/c, and

thus
At2 2 2
E ~ Eoexp<——2) <0 exp (—#), 25)
T wg

JE+3

with At the time difference between the instant in consid-
eration and the instant of peak intensity. For the purpose of
averaging, we take

(24)

20 < 2+ y2)
V2 + 3 %0

_ fiUZO dzzo (Z2 + Z(z))_] fowo den,oe_pz/wrzy

Z W ~ 0.5 (26)
Jodz " dp2mp
and get, from Eq. (25),
E, At?

The time elapsed between the instant of ionization and the
instant of highest field intensity at the parent atom is then

obtained by setting £ = E, in Eq. (27) to get

— o
At =1 ln(2 ) (28)

acr

Again, this result is a rough estimate without regard for a
specific ionization model.

For the parameters (15)—(18) we have a, = 0.026 and
0.064 for the two electrons of helium. v, is therefore small
and can be ignored. Along the x direction the position of each
electron at the moment of highest field intensity is x + vo, At
and the distance between the two electrons is

d, = }(x + UgicondAtsecond) _ (x + vgrslAtﬁrsl)|

S (29)
— }Usf(cond Atsecond _ vg;st Athrst|
where the superscripts “first” and “second” stand for the first
and second electrons.

Moreover, since a. grows with CI>2/Z, it is larger for
the second electron than for the first, therefore typically
Juseeond| > |fist| This together with Az &~ Arfist means
that the separation between the two electrons is determined
primarily by the velocity of the second one:

d, ~ (|vg,|) At (second electron). 30)
By combining Egs. (28) and (30), we arrive at

d = i (2 31)
= — n
=T a0 )

where a., is to be computed for the latest electron.

As seen in Table I, the agreement of this analytical estimate
with the numerical results is perhaps better than it should be,
given that it is intended merely to obtain the correct order of
magnitude. It underscores that the result is not sensitive to the
exact ionization model used. The ADK model, which permits
ionization over several half laser cycles after a, is reached,
produces slightly smaller values of At and slightly larger
values for separations and velocities than the instantaneous
model. The fact that our theoretical estimate does not produce
smaller values for the separation and velocity along x is due in
part to our arbitrary choice of the value 1/2 for (sin 6;); still,
the order of magnitude is likely correct.

VI. NONLINEAR THOMSON SCATTERING

We computed the classical radiation emitted by the accel-
erated electrons following the same approach as described in
Ref. [31]. The far-field radiation pattern is dictated by [53]

R x [(R—ii/c) x d]
(1 —R-ii/c)

where R is the distance from the interaction region to a de-
tector and R = % sin cos ¢ + §sin6 sin ¢ + 2 cos @ is a unit
vector specifying the direction to that detector. The right-hand
side of (32) is evaluated at (retarded) time ¢, whereas the
left-hand side is a function of detector time ' =7 — R - ;,
ignoring an overall constant time delay R/c.

We consider separately scattered photons with longitudinal
and azimuthal polarization, aligned along § = £ cos 6 cos ¢ +
$cosf sing — Zsin 6 or along ¢ = —%sin¢ + 9 cos ¢. These

= q
E. .=
w7 4 €0C:R

; (32)
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FIG. 4. Far-field angular distribution of photon counts along three planes for first, second, and third harmonics. Blue (dark line in grayscale)
stands for the radiation with azimuthal polarization (parallel to the XY plane) and green (light line) stands for longitudinal polarization
(orthogonal to azimuthal). The full lines indicate the photon counts computed while allowing for interference between pairs of electrons. The
dotted lines indicate photon counts while ignoring interference (i.e., summing intensities). In the top row, the horizontal axis is the x axis. In

the other rows, the horizontal axis is the z axis.

are the usual unit vectors in spherical coordinates, perpendic-
ular to R. The total energy per steradian (angular fluence)
is ®p + ®; where Oy = €cR? [ 0 - Eqaa|?dt’ and &y =
€ocR? f_oooo | - Eraal?dt’. A polarizer in front of the detec-

tor, aligned along either & or ¢, would transmit either @,
or @g.

The Fourier transform of Erad may be taken and a desired
spectral window applied to restrict to a specific harmonic. To
explore theoretically emission over the entire emission sphere,
we adjust the center of numerical bandpass filters to account
for different redshifts of the harmonic emission, depending on

the polar angle 6 measured relative to the direction of laser
propagation. We adjust the center wavelength of the bandpass
filter for the Nth harmonic to the redshifted peak intensity
[54,55]:

A

N
In our calculations, we make the replacement ay — ap/2 in
this formula to account for averaging in the spirit of Eq. (26).
We use filters with bandwidth AAy = Ay /20.

We consider radiation emanating from a cylinder with
radius wy and length 2z,, centered on the laser focus. We

1, ,6
In@) = ( 1+ Fagsin® 2 (33)
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FIG. 5. Ratio of curves seen in Fig. 4, namely, a comparison between simulations with and without the possibility of interference between
emission from electron pairs. Red lines represent the fundamental, blue lines represent the second harmonic, and purple lines represent the

third harmonic—labeled 1, 2, and 3, respectively.

assume the same gas pressure photon-collection and detection
efficiency as in Ref. [31]. The number of photons emitted
within a solid angle of 0.15 sr after 1000 laser pulses is
plotted in Fig. 4 along the three planes XY, ZY, and ZX, and
compared with the number of photons that would have been
obtained if no interference was present between the pairs of
electrons from each helium atom. The latter is essentially the
same as for free electrons. To compute the interference, we
sum the amplitudes of the fields radiated by the two electrons
of each atom and then square it. The no-interference case
is obtained by first squaring the fields before adding them.
Then we average (incoherently) over 10 000 atoms randomly
distributed in the interaction region. We show the results for
each of the first three harmonics (N = 1, 2, 3).

In Fig. 5 we plot the ratio of photon counts with and
without interference for the fundamental, second, and third
harmonics. The variation in the curves is a kind of measure
of the amount of interference. A value of 1 indicates inco-
herence, and a value of 2 indicates perfect coherence. As can
be seen, whether the emission is coherent or incoherent highly
depends on the direction of emission. This, of course, depends
on the dimension along which the two electrons ionized from
helium become separated.

VII. HIGHER-Z ATOMS

One may expect that, employing atoms with higher num-
bers of electrons, the effect of coherence between ionized

electrons will be strongly enhanced. This is implied by the the-
oretical estimate (31). In this section, we compare simulations
of nonlinear Thomson scattering from free electrons ionized
from helium vs argon in the equatorial plane. We revert to
filters used in Ref. [31].

In Fig. 6, we compare for helium the angular plots of
scattered photons obtained using the instantaneous model of
ionization given by Eq. (5) and the ADK model given by (7).
‘We notice that the few extra half periods that it takes for atoms
to ionize under the ADK model allow electrons to break free
at intensities slightly greater than the critical intensity, lead-
ing to higher initial drift velocities and separations between
ejected electrons. This somewhat diminishes coherence. Still,
the results are not strongly influenced by the ionization model;
the effects on coherence are visible but small.

The first two rows in Fig. 7 show plots made for electrons
ionized from argon, under the same conditions as done for
helium in Fig. 6. Up to ten electrons can be ionized from
argon under the conditions simulated (though the last two with
small probabilities). Our expectation that coherence effects
should be enhanced appears to be validated. Moreover, the
results remain not overly sensitive to the ionization model
used.

It is suspected that the ADK model loses accuracy at in-
tensities above the critical (BSI) intensity, but currently there
is not one widely accepted model for this regime. We have
tried three ionization models designed for the BSI regime
(Fig. 8). We repeated our simulations using an adjustment to
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FIG. 6. Angular distributions of the fundamental, second-, and third-harmonic photon counts scattered by electrons ionized from helium,
comparing the instantaneous (upper row) and ADK ionization models (lower row). The plots show scattering in the XY plane (x being the
horizontal direction) using a simulation of 10 000 atoms randomly distributed throughout the same interaction region as used for Fig. 4. Blue
lines indicate azimuthal polarization and green lines indicate longitudinal polarization (respectively dark and light lines in grayscale). The
ADK row is a repeat of the upper row of Fig. 4, except that in this figure we use spectrally fixed bandpass filters, the same as used in Ref. [31]

(centered on slightly redshifted wavelengths).

the ADK ionization rate proposed in [36], which produces
results very similar to the ones obtained using the ADK
model. The proposed adjustment to ADK in [38], on the
other hand, noticeably suppresses coherence effects owing to
releasing electrons at higher intensities. Finally, the model
in [37] lies in between these two cases. We added the plots
for this latter model in Fig. 7 for comparison. In general, the
longer the electrons remain bound to their atoms, above the
critical (BSI) intensity, the more rapidly electrons born of the
same atom move apart from each other.

VIII. DISCUSSION

We have analyzed nonlinear Thomson scattering from mul-
tiple electrons ionized from the same atom. We found that
coherence between these electrons should be taken into ac-
count, and that it can influence the angular distribution of
the radiation, owing to the details of the trajectories that
electrons follow after ionization. Coherence effects are more
pronounced at the longer wavelengths such as the scattered
fundamental or second harmonic. The results depend only
mildly on the ionization model chosen.

Atomic species can have a significant influence on the
angular distribution of scattered photons. The fundamental

and harmonics show a strong enhancement of emission from
argon over helium along directions perpendicular to the laser
polarization, as would be expected owing to the larger number
of electrons available for ionization in argon. Concerning the
possibility of verifying experimentally these phenomena, the
difference in shape of the angular distribution of the higher
harmonics between the cases of helium and argon should
certainly be possible to observe.

As for the fundamental, the emission in the direction per-
pendicular to laser polarization should be approximately 4> =
16 times higher for argon compared to helium at the same
gas density. On the other hand, if the emission is incoherent,
then the emission for argon would be only four times higher
(since helium releases two electrons while argon releases
about eight); this too should be observable. Moreover, the
ratio between the scattered fundamental in the XY plane at
90° and 60° should be 1.33 if all free electrons are incoherent,
whereas the ratio should be 1.8 for helium and 2.25 for argon
if electrons born of the same atom are spatially correlated
through the ionization process.

These observations about the fundamental show some de-
pendence on the ionization model, both for helium and for
argon, while the predictions for the second and third harmon-
ics show a higher dependence on ionization model. These
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FIG. 7. Same as Fig. 6, except computed using argon. We added a third row with plots for the model by Tong and Lin [37].
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FIG. 8. Ionization rate for the first ionization of helium (in units
of the angular frequency w) as a function of electric-field intensity
[measured using the dimensionless parameter a given by Eq. (12)]
for four different ionization models. From left to right (that is, from
the ones with higher ionization rates to the ones with lower rates):
ADK (red) and the models in Refs. [36] (blue), [37] (green), and [38]
(red, same as ADK, before the critical intensity, and orange after it).

variations in the angular emission pattern might be used to try
to distinguish between different ionization models. In particu-
lar, observation of the distorted angular patterns predicted by
us could serve to test ionization models with relatively slow
ionization rates [37-39].

The angular emission could also be explored, in principle,
with and without a prepulse that has sufficient intensity to ion-
ize the gas (allowing time for electrons ionized from the same
atom to decohere) but with significantly less intensity than
a primary pulse that afterwards produces nonlinear Thomson
scattering.

IX. CONCLUSIONS

In summary, our simulations predict measurable coher-
ence effects in nonlinear Thomson scattering from electron
bunches born of the same atoms in an intense short laser
pulse. Observing these effects experimentally would support
the classical approximations used and provide an intuitive
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framework for the essential physics. Further, the coherence
effect might be used to differentiate between rapid and more
gradual ionization models, particularly for higher-Z atoms,
providing a new window into the ionization process.
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