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The two-photon double ionization (TPDI) dynamics of helium by chirped attosecond pulses are theoretically studied
by solving the two-electron time-dependent Schrédinger equation in its full dimensions. We show that both the differential
and the total double ionization probability can be significantly controlled by adjusting the chirp. The dependence of the
TPDI on the chirp can be quite different for different photon energies, relying on the central photon energy being in the
sequential region, nonsequential region, or translation region. The physics which lead to the chirp dependence for different
photon energies are addressed. Present findings are well reproduced by a model based on the second-order time-dependent

perturbation theory.
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1. Introduction

Laser sources!"?) in a wide range of frequency have en-
abled the observation and control of the internal atomic and
molecular dynamics on its natural time scale.[>~”! The actual
control of these dynamics is realized through the change of
parameters of one or multiple laser pulses, and the chirp of
the pulse is among the many parameters which one can play
with.18] In the infrared range, technologies of precise control
of the chirp of a laser pulse have been rather mature and thus
the chirp parameter has been utilized to control many physical
processes, such as the excitation dynamics of molecular vibra-
tional and rotational states (see, e.g., Refs. [9]-[14]) and the

s,113-18] the exten-

population transfer in few-level model atom
sion of the plateau cutoffs for both the high-order harmonic
generation (HHG)!'9-># and the above threshold ionization
(ATT), 221 the production of a single attosecond pulse,?"]
the ultracold atomic collisions,®!! etc.

In the extreme ultraviolet (xuv) regime, few-cycle and
single-cycle®>34 single attosecond pulses with a stable and
even tunable carrier envelope phase (CEP) have been achieved
experimentally. Significant effects of the CEP on ionized elec-
tron momentum and energy distributions have been investi-

1.135-381 1t is well known that

gated theoretically in some detai
current technologies for generating attosecond pulses based on
the HHG introduce an inherent chirp*”! in the xuv regime. A
few years ago, the first experimental demonstration[*! was re-

ported to effectively control the frequency chirp of isolated
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attosecond xuv pulses by aperiodic multilayer mirrors, which
promises that it is possible to engineer the frequency disper-
sion of attosecond pulses in a wide range of xuv photon ener-
gies and bandwidths. Based on these experimental advances in
xuv chirping technologies, it is important to look at the effects
of the chirp on the ionization dynamics in the xuv region.

For single ionization dynamics, the chirp effects have
been extensively explored. It has been shown that the chirped
attosecond pulses can measure attosecond time scale elec-
tron dynamics just as effectively as transform-limited attosec-
ond pulses of the same bandwidth.*! However, the chip of
the pulses can also produce significant effects on the ioniza-
tion signal,*>#3 thus providing another way to control elec-
tron dynamics. Experimentally, the introduction of the chirp
changes the coming order of a particular frequency, but the
spectrum profile (frequency spectrum) of the pulse is con-
servative. So the chirp does not produce any effect on the
one-photon ionization dynamics, since the amplitude of one-
photon ionization is simply proportional to the spectrum pro-
file of the pulse. However, for nonlinear ionization dynam-
ics, the chirp can have significant effects. The dependence
of atomic ionization dynamics on the chirp of a few-cycle at-
tosecond pulse has been thoroughly investigated by different
theoretical methods. 44461

The double ionization dynamics turns out to be a much
more challenging problem than the single ionization dynam-
ics, both experimentally and theoretically. The most fun-
damental nonlinear double ionization dynamics is the two-
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photon double ionization (TPDI) of helium, which has at-
tracted a lot of experimental*’*8! and theoretical atten-
tions (see, e.g., Ref. [5], [49]-[51] and references therein).
One of the emphasises of these studies has been focused on
the sequential and nonsequential picture of the TPDI and the
role of the electron—electron correlation played in the differ-
ential and total double ionization cross section. Recently, the
chirp effects for the TPDI of helium have also been predicted
by several calculations. Double ionization of the He atom
by a chirped attosecond XUV pulse of central photon energy
91.6 eV was investigated>?! by solving the two-electron time-
dependent Schrodinger equation (TDSE), it was found that the
single and double electron energy spectra are quite sensitive to
the pulse chirp in this deep sequential regime. Last year, an ef-
fective control of the double ionization probability was numer-
ically demonstrated for a central photon energy of 52.7 eV, >3]
which is very close to the second ionization threshold of he-
lium. To the best of our knowledge, such a chirp-dependence
study in the nonsequential region has not been carried out.

In the present work, we revisit the chirp dependence of
TPDI of helium by a few-cycle attosecond pulses in a wide
range of central photon energies from the nonsequential to the
sequential regime. Our studies are carried out by two differ-
ent methods, i.e., the ab initio solution to the two-electron
TDSEP*3! and a model based on the second-order time-
dependent perturbation theory (TDPT).3%>%! From the com-
parison studies at different photon energies from both meth-
ods, we find that the chirp-dependence of the double ionization
dynamics is drastically different in different regions, relying
on that the central photon energy is in the sequential region,
nonsequential region, or translation region. These differences
manifest in both the differential and integral ionization proba-
bilities.

In the rest of the paper, we first briefly revisit our nu-
merical methods of TDSE and TDPT. Then we will present
our results for the total ionization probability as a function
of the chirp of the pulse, followed by the joint differential
energy distributions of the two electrons at selected values
of the pulse chirp at three different photon energies, respec-
tively corresponding to the nonsequential, sequential, and the
transition across the second ionization threshold. We find
clearly different chirp dependence in different regions. Fi-
nally, we make a brief summary for present work. Atomic
units (me = h = e = 1) are used throughout the paper unless
otherwise stated.

2. Theoretical methods

We solve the time-dependent Schrodinger equation in its
full dimensionality. The details of the numerical technologies
can be found in our previous work.>>!* The TDSE of he-

lium in a linearly polarized laser field is given by

i%q’(Tl,’r‘z,I)ZH(I)'P(’I"l,T‘QJ), (1)

where the Hamiltonian operator, in the dipole approximation
and length gauge, can be written as

H(T‘l,’l"z,l‘)
(r1+mr2)-E(1), (2)

where E(¢) is the electric field of the laser pulse, related to the
vector potential of the pulse through

JdA(r)
ot
For the purposes of the present study, we adopt a chirped

E()=— 3)

attosecond laser pulse having a Gaussian form.?644 The vec-
tor potential of the linearly polarized laser pulse along the z
axis is given by

A(t) = A(G)F (1)sin[o(1)] e, 4)

where & is the chirp of the pulse. The chirp-dependent peak
amplitude A(&), chirped carrier frequency (), and time en-
velope F'(t) are given respectively by

E(é) 1 IO/Iau
A(E) = =222 — [ _0/fau 5
(&) o o\ Jirer &)
_ & 1
F(t) = {—21 P ’2] 7
) = exp n e @)

in which I, = 3.51 x 10'® W/cm? is the atomic unit of in-
tensity. The case & = 0 corresponds to a Fourier transform-
limited pulse with carrier frequency @y, peak intensity Iy, and
pulse duration 7y (full width at half maximum, FWHM). For a
chirped pulse, the peak intensity and pulse duration are given
respectively by Izg = Io/+/1+ &% and 1y = 704/ 1 +&2. The
optical period corresponding to the central carrier frequency
@y is defined as Ty = 27/ @y. As an example, we compare in
Fig. 1 the vector potential for an unchirped pulse with those
having a zero, positive and a negative chirp for 79 = 460 as
and @y =52.4 eV.

The vector potential (4) simulates a realistic experimen-
tal case in which a nonzero chirp £ leads to an increase of
the pulse duration and a decrease of the pulse intensity for a
fixed total pulse energy. The spectrum profile (or frequency
spectrum) of the chirped pulse defined by Egs. (4), (5), and
(7) does not depend on the chirp, i.e., all the spectrum profiles
of the chirped pulses remain the same as the tranform-limited
case. We notice that in the recent study, [53] the definition of
the chirped pulses does not make sure the spectrum profile is
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independent on the chirp, though in a related work about H
atomP”! by the same authors exactly the same definition for
the chirped pulses with the present work is taken. It is in fact
our initial motivation to see how a more physical definition for
the chirp pulse will influence the conclusion of Ref. [53].
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Fig. 1. (color online) The vector potentials of the laser pulses for & = 0
and £1.75. In this example, we take the central frequency @y = 52.4 eV,
the peak intensity Iy = 1 x 10" W/cm?, and 7y = 460 as.

After the numerical solution to Eq. (1), one can evaluate
the fully differential double ionization probability by project-
ing the final wave function onto the product of two scattering
states of hydrogen-like atom with a nuclear charge of 2. Please
note, after the end of the laser pulse, the final wave function
is freely propagated for a sufficiently long time to make this
extraction method reliable. Integrating the fully differential
double ionization probability over ejection angles of the two
electrons can give us the joint energy spectra

1
kiky
where P(kp,k;) is the fully differential double ionization

P(E\,E>) = //P(kth)k%k%di‘l dko, )

probability. The total double ionization probability is obtained
by carrying out the integration

Potal = //P(El,Ez)dEl dE;. &)

The same quantities P(E},E>) and Py, can also be cal-
culated by the TDPT, which has shown its accuracy and trans-
parency in recent studies.?%3%38 In this analytical and semi-
quantitative TDPT calculation, the joint energy spectra of the
two electrons can be given by

c He Het
i) =) || e
2

oHe (E2) GHeJr (El)
K (E 10
+\/ O \/ o KB, 0

where c is the speed of light, E, = E| + Ey, Ey, = E> + Ey,
Ey = —54.4 eV is the ground state energy of Het, @, =
E,—E;, 0, = Es—E,, and E; =79.0 eV is the ground state en-
ergy of helium, ¢ and ote” are respectively the one-photon

single ionization cross section of He and He™,!>"! and K (E,)
stands for a double integration over the electric field

el . T .
K(Ea):/ dnE(n)e‘wfaﬁ/ dDE ()ei® ™ (11)

where E(t) = | E(t)] is the electric field of the pulse. The total
ionization probability P, from the prediction of the TDPT
can then be evaluated through Eq. (9).

3. Results and discussion

As mentioned in the Introduction, the two-photon dou-
ble ionization of helium shows different features for different
central photon energies. For the case of few-cycle attosec-
ond pulses, the chirp of the pulse will significantly change the
appearing time sequence of different frequency components
contained in the pulse, as shown in Fig. 1. Therefore, it is ex-
pected that, the TPDI dynamics will depend on the change of
the chirp. These differences may manifest in either the differ-
ential ionization probability, or the total TPDI yield, or both,
depending on the central photon energy.

In this section, we will systematically investigate the crit-
ical dependence of the TPDI on the chirp of the few-cycle at-
tosecond pulses. For these purposes, we fix the peak intensity
Iy of the transform-limited pulse to be at 1 x 10> W/cm? and
change the central photon energy @y and the chirp parameter
&. Please recall that, the effective peak intensity and pulse du-
ration will depend on & in such a way that the total energy and
the spectrum profile of the chirped pulses will stay the same
with the corresponding transform-limited case.

First, let us focus on the dependence of the total ionization
yield on the chirp of the pulse. What shown in Fig. 2 are the to-
tal TPDI probability Py, as a function of the chirp parameter
&, varying from —2 to 2. The results are shown for four differ-
ent central photon energies @y, i.e., (a) 45 eV, (b) 52.4 eV, (c)
60 eV, and (d) 70 eV. In all these calculations, the number of
cycles for each @y is fixed to be 6, i.e., To = 6Tp. One notices
that the results from TDSE and from TDPT agree with each
other rather well for all the cases. In TDSE calculation, not
only the contribution from the second-order perturbation but
also the contributions from the first- and third-order perturba-
tions are counted. This would explain the small differences
between the results of TDSE and TDPT in Fig. 2.

When @y = 45 eV in the nonsequential TPDI regime, as
can be seen from Fig. 2(a), the total yield decreases with the
increase of the absolute value of the chirp parameter and does
not depend on the sign of the chirp (i.e., the curve is symmetric
about & = 0). This can be understood as follows. For nonse-
quential TPDI around @y = 45 eV, the total cross section &
does not significantly change as photon energy @y. So the de-
pendence of the total double ionization probability P, on the
chirp & would roughly be
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Fig. 2. (color online) Total two-photon double-ionization probability P, as a function of the chirp parameter £, respectively, calculated by TDSE (squares)
and by TDPT (triangles), for four different central photon energies wy: (a) 45 eV, (b) 52.4 eV, (c) 60 eV, and (d) 70 eV.

2
Iéo
Prota = GizTéjeffv (12)
o

where

Ieg=1Io/\/1+&2, (13)
Trerr = | /ﬁmx/wéz. (14)

Putting Egs. (13) and (14) into Egs. (12), one obtains
T I 1

— 5T

16In2" w3 = \/1+ &2

Predictions from Egs. (15) (¢ = 1.2 x 10752 cm* is taken from

Ref. [50]) are also shown by the dash-dotted line in Fig. 2(a).

In Fig. 2(b), @y is increased to 52.4 eV, which is about
2 eV smaller than the second ionization threshold of helium.

Pota = (15)

One observes that the trend of the total yield curve is drasti-
cally different from that in Fig. 2(a). The main difference is
that the curve is no longer symmetric about £ and the total
yield is continually increased as & is increased from —1.75
to 1.75 with a kind of saturation at the end of the positive
chirp. The same observation was recently discussed by Bar-
maki and coworkers®3 at a slightly higher @y of 52.7 eV.
The total yield dependence on & for this case of @y is closely
related to the fact that the frequency components cover the
whole transition region from the nonsequential to the sequen-
tial TPDI process so that the two electrons get ionized in two

different ways. This will lead to different effects for down-
chirped (¢ < 0) and up-chirped (£ > 0) pulses. For the case
of £ < 0, the higher frequency components come first and the
lower ones come last. Thus, for a significant range of time pe-
riod in the latter half of the chirped pulse, the effective photon
frequency will be smaller than 54.4 eV, the TPDI will happen
in the nonsequential region, with its probability proportional
to the effective duration in this region. In this case, the se-
quential ionization channel with the first electron absorbing a
smaller photon and the second electron a larger photon will
be largely suppressed. Such a process is only possible for a
restricted effective time period in the earlier half of the pulse.
On the contrary, for the case of £ > 0, the lower frequency
components come first and the higher ones come last, which
will leave the above mentioned channel of sequential ioniza-
tion open for almost all the pulse duration. If one bears in mind
that the total yields of the sequential TPDI is much higher than
the nonsegential TPDI and the ionization yield of the sequen-
tial TPDI is proportional to the square of the effective pulse
duration,% it is immediately understood why the total TPDI
yield of & = 1.75 is more than 3 times of that for £ = —1.75.
In addition, as analyzed in Ref. [53], there is a possibility of
populating the Rydberg series of He™, which may also con-
tribute to the strong chirp dependence observed for the case of
the central photon energy close to the second ionization thresh-
old.
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When one continues to increase wy to 60 eV, which is
above the second ionization threshold of helium. The TPDI
will dominantly happen in a sequential fashion. Since the
dependence of the total double ionization on the peak inten-
sity and pulse duration is on the same power, 1501 je., Poal o<
(Igo/ 150)2 , one expects that the total yield will not critically
depend on the chirp of the pulse. What is shown in Fig. 2(c) is
indeed a rather flat curve, with a slight increase when the chirp
is increased. This small increase is simply because for such a
short pulse considered here, there is still a small fraction of the
frequency components that falls below 54.4 eV. Therefore, the
mechanism explained above may still play a minor role. How-
ever, when @y increases to 70 eV in Fig. 2(d), which is well
above 54.4 eV, we observe a much flatter curve and the depen-
dence of Py, on the chirp parameter € is almost negligible.

For a better intuitive understanding of the total TPDI
yield as a function of the central photon energy @y and the
chirp parameter £, as discussed above, it is instructive to ex-
amine the differential ionization probability. We first focus
on the angle-integrated joint energy distributions of two elec-
trons, i.e., P(E1, E>). The evolutions of the density distribution
for three different chirp parameters are respectively shown in
Fig. 3 for wy =45 eV, in Fig. 4 for wy = 54.2 eV, and in
Fig. 5 for wy = 70 eV. In each of these three figures, the re-
sults calculated by TDSE are presented in the first row, and
those evaluated from the TDPT model are shown in the sec-
ond row. Please note that each column in each figure shares the
same contour color scheme. As we can see, our results from

both methods agree very well with each other quantitatively. It
is not surprising, as demonstrated in previous studies,>%6-33]
the TDPT model can not only reproduce the total ionization
yield, but also give the correct angle-integrated joint energy
distributions.

Let us first look at the case of @y =45 eV, shown in Fig. 3.
In this nonsequential regime, we can see that the shape of the
differential ionization probability looks similar due to the un-
changed frequency components. We thus use the same color
bar for all the six panels. Compared to the case of & = 0, the
reason that the differential probability is lower for & = +1.75
can be easily understood from the fact that the nonsequential
double ionization is proportional to IéOTéeff o< 1/4/1+E&2, as
discussed above by the perturbation model.

When @y is increased to the crossover case of 52.4 eV
for the nonsequential and sequential regime, one can notice
that the gross feature in Fig. 4 is the sequential peaks of the
ejected electrons. However, for & = —1.75 and 0, there are un-
negligible signals for the equal energy sharing case. Another
noticeable feature is that, the electrons for £ = —1.75 have a
wider spectra than those for & =0 and & = 1.75. This is due
to the fact that the double ionization for & = —1.75 is con-
fined to a narrower time window than those of the latter two
cases, which results in a wider electron spectra. The case of
& =1.75 becomes more sequential-type because in this case,
the sequential TPDI channel is open for most of the effective
pulse duration, in which case the atom first absorbs a photon
with a smaller energy and then a photon with a larger energy.

i N | W
0 2.5x107*  5.1x107° 7.6X10°* 1.0x10°?

(a) €= —1.75, TDSE

E,/eV

(d) €= —1.75, TDPT

E,/eV

E,/eV

(b) £ =0, TDSE

(c) € =1.75, TDSE

20
E,/eV

E,/eV

Fig. 3. (color online) Contour plots of the angle-integrated joint energy distribution of both ejected electrons P(Ej, E;) for y = 45 eV, at three different
chirp parameters: (a), (d) & = —1.75, (b), (e) & =0, and (c¢), () & = 1.75, respectively, calculated by TDSE (first row) and by TDPT (second row).
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Fig. 4. (color online) Contour plots of the angle-integrated joint energy distribution of both ejected electrons P(E|,E,) for wy = 52.4 eV, at three different

chirp parameters: (a), (d) & = —1.75, (b), (¢) £ =0, and (c), () & = 1.75, respectively, calculated by TDSE (first row) and by TDPT (second row).
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Fig. 5. (color online) Contour plots of the angle-integrated joint energy distribution of both ejected electrons P(Ej, E;) for wy = 70 eV, at three different

chirp parameters: (a), (d) £ = —1.75, (b), (¢) £ =0, and (¢), () & = 1.75, respectively, calculated by TDSE (first row) and by TDPT (second row).
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It is interesting to check whether P(E|,E,) will depend
on the chirp parameter, provided that the total yield Py is al-
most a constant, as shown in Fig. 2(d). We find from Fig. 5 that
the joint energy spectra actually change a lot as one changes &.
In all the cases shown, one mainly sees the sequential peaks,
but with different features. The most prominent difference is
that, the position of the sequential peak is different for a dif-
ferent chirp parameter. In addition, the detailed shape of each
sequential peak is slightly different. For & = 0 in Fig. 5(b), the
sequential peaks look like two quite symmetric ellipses with
a clearly equal energy sharing line connecting both of them.
For £ = —1.75 in Fig. 5(a), there is also a vaguely visible
equal energy sharing line connecting both sequential peaks,
which are now asymmetric with the extreme nonequal energy
sharing case quickly becoming impossible. For the up-chirped
case of & = 1.75, the pattern shown in Fig. 5(c) is somewhat
areversed case of that in Fig. 5(a): the asymmetric sequential
peaks reverse their directions with the equal energy sharing
channel that becomes forbidden.

The shift of the position of the sequential peak for a dif-
ferent chirp parameter has been observed previously by Lee
et al.,’®?! at a much larger photon energy of 91.6 eV for dif-
ferent values of positive chirp. These authors did not offer any
reasonable explanations, but suspected that the “interferences”
between the sequential and the nonsequential channels may be
the origin of these structures. Here, by extending the chirp to
be a negative value, we find that the energy sharing between
the two electrons becomes even unequal. An increased pos-
itive chirp will force the two electrons to more equally share
the total available net energy.

In order to examine the peaks more clearly, we turn to
look at the singly differential ionization probability dP/dE,
which is simply calculated by integrating one of the variables
in P(E},Ey), say, E;. The results are shown in Fig. 6 for the
three different wy discussed above for different chirp parame-
ter &. These panels in Fig. 6 make the phenomena we observe
more transparent and intuitive. Here, we want to focus on the
case for wy = 70 eV in Fig. 6(c). We find that, the sequential
peak shift can be intuitively explained as follows, bearing in
mind the deep sequential feature for this wy. Let us suppose
the first electron gets ionized by absorbing a photon energy of
@) to acquire an energy E| = @; —24.6 eV, while the second
electron gets an energy of E; = wy — 54.4 eV. Then the en-
ergy difference is AE = E| — E» = (@) — @) +29.8 eV. This
simply tells us that, for the case of & = 0, at all possible ion-
ization time events, ®; — @, = 0, which gives the usual en-
ergy peak separation of 29.8 eV, as shown by the solid line in
Fig. 6(c). However, for a negative chirp of —1.75 as shown
by the dashed line in Fig. 6(c), the higher frequency compo-
nent comes first and the lower frequency component comes
last. This means that, for most of the ionization sequences time

windows, @; — @, > 0, which will result in an energy spacing
larger than 29.8 eV. In a similar fashion, one can explain why,
for & = 1.75, the energy spacing between the sequential peaks
is smaller than 29.8 eV, as shown by the dash-dotted curve in
Fig. 6(c).

N —— £=0
2F feme £=1.75
F— €=—-1.75
1E
0- T I S TR N SO AN TR TR T
10 20 30 40

—_
[en]

AP/dE/[1079/(27.2 eV)]

0
C - — &=0
12F (c) w,=T70eV e £21.75
- A Argeeae £=-1.75
0.8F SV
04F A\
- , L\
oL = AR N Ll
10 20 30 40 50 60 70

E/eV

Fig. 6. (color online) Singly differential ionization probabilities dP/dE,
calculated by integrating one of the two variables in P(E},E>), for differ-
ent central photon energy wy: (a) 45 eV, (b) 52.4 eV, and (c) 70 eV. In each
panel, the results are shown for three different chirp parameters &, i.e., 0
(solid), 1.75 (dash-dotted), and —1.75 (dashed).

4. Conclusions

In conclusion, through two different theoretical methods
(TDSE and TDPT), we have systematically studied the chirp
dependence of the double ionization process for a wide range
of central photon energies, especially in the nonsequential
regime which has not been touched before. The model based
on TDPT well reproduce the results from numerical TDSE cal-
culations. We have examined the chirp dependence for both
the total TPDI yield and the joint energy spectra as well as the
singly differential probability. We find, in the nonsequential
and translation regions, both the integral and the differential
ionization probability depend on the chirp, while for the deep
sequential region only the differential signals rely on the chirp
parameter with the total double ionization yield almost un-
changed. We have provided an intuitive explanation for these
chirp-dependent observations.
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