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Above-threshold ionization (ATI) of a hydrogen atom exposed to chirped laser fields is investigated theoretically
by solving the time-dependent Schrodinger equation. By comparing the energy spectra, the two-dimensional momentum
spectra, and the angular distributions of photoelectron for the laser pulses with different chirp rates, we show a very clear
chirp dependence both in the multiphoton and tunneling ionization processes but no chirp dependence in the single-photon
ionization. We find that the chirp dependence in the multiphoton ionization based ATI can be attributed to the excited bound
states. In the single-photon and tunneling ionization regimes, the electron can be removed directly from the ground state
and thus the excited states may not be very important. It indicates that the chirp dependence in the tunneling ionization
based ATI processes is mainly due to the laser pulses with different chirp rates.
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1. Introduction

Above-threshold
the transform-limited (i.e.,

ionization

(ATD) of

chirp-free) laser pulses has
[1-8]

atoms by

been widely investigated both experimentally and
theoretically.[®~1>] However, there is less attention paid to the
ATI of atoms in chirped laser pulses. Wang et al.!'®! reported
experimentally the chirp dependence of Freeman resonance
structures in the ATT spectra of Xe exposed to chirped intense
laser pulses. Theoretically, Nakajima et al.l'”l investigated
the ATI of Na by chirped infrared laser pulses by solving
the three-dimensional time-dependent Schrodinger equation
(3D-TDSE) and attributed the chirp dependence of the pho-
toelectron angular distributions (PADs) to the excited bound
states in the multiphoton ionization processes. Laulan et al.[!8]
studied excitation and ionization of hydrogen atoms in intense
chirped laser pulses. Xiang et al.['”! found that the cutoff of
the ATT of one-dimensional H atoms can be extended dramat-
ically using a few-cycle nonlinear chirped laser pulse. Peng et
al.?%211 analyzed numerically how the asymmetry parameters
of the ionized electron momentum distributions of the H atom
depend on the chirp rate of the few-cycle attosecond pulses
in the single-photon ionization region. Pronin et al.*?! ex-
plained the chirp dependence of the asymmetry in the ionized
electron distributions of atoms by a chirped few-cycle attosec-
ond pulse with the perturbation theory. Furthermore, chirped
laser pulses have also been applied extensively in quantum

[23]

control study'~”! and the coherent control of high-order har-

monics and attosecond pulse duration. 427!
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Mechanically, the electrons in atoms exposed to an in-
tense laser field can be released into a continuum state by
absorbing a single high-energy photon, absorbing simultane-
ously several photons, or tunneling through the potential bar-
rier formed by the Coulomb force and the laser field. Ac-
cording to the Keldysh theory,"! these different ionization
mechanisms can be distinguished by the Keldysh parameter
Y = /Ip/2U,, where I, is the ionization potential and U, is
the ponderomotive energy. So far, most efforts have been paid
to the ATT of atoms and molecules by chirped laser fields in the
single-photon ionization and multiphoton ionization regimes,
and the question concerning the chirp effect on the ATI in the
tunneling ionization regime still remains open.

In this paper, we theoretically investigate how the chirp
rate of the laser pulses affects the energy spectra, the two-
dimensional (2D) momentum spectra, and the PADs of the H
atom in the single-photon, multiphoton, and tunneling ioniza-
tion processes by solving the TDSE. The rest of this paper is
arranged as follows. In Section 2, we briefly describe how to
calculate the energy spectra and the 2D momentum spectra of
the H atom in chirped laser fields by solving the TDSE. In Sec-
tion 3, we present the chirp dependence of the energy spectra,
the PADs, and the 2D electron momentum spectra of the H
atom in the single-photon, multiphoton, and tunneling ioniza-
tion regimes. A conclusion will be given in Section 4. Atomic

units are used throughout this paper unless otherwise stated.
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2. Theory and method

Under the dipole approximation and the length gauge, the
TDSE of the H atom in the presence of a linearly polarized
laser field can be written as

i%‘f’(ﬁt) = [Ho—‘rHi(t)]‘P(’l",t)

loo 1 o
_EV _;+Hl(z) Y(r,t). ()

Here, H) is the field-free atomic Hamiltonian and the atom-—
field interaction Hj(¢) is given by

H(r) =7 E(t), )

where E(t) is the laser’s electric field. The time-dependent
wave function ¥(r,t) is expanded as

W(r,t) =Y Cult)Ru(r)Yim(#), 3)
nl

where R, (r)Y;,,(#) is the eigenfunction of Hy within the box
of r € [0, rmax), and Ry (r) and Y}, (#) are expanded by the dis-
crete variable representation (DVR) basis sets > 33! associated
with Legendre polynomials, while C,;(¢) is obtained by using
the split-operator method. **! The total population distribution
of the excited states is calculated by

Pec(t) =Y |G (1) . 4)
'l
Here »'l’ runs over all excited bound states. In this paper, we
typically take rmax = 2000 a.u. and [ = 120.

The PADs and the 2D momentum spectra are obtained by
projecting the final wave function at the end of the pulse onto
eigenstates of a continuum electron @, with a given momen-
tum vector p,

2P ?
P](E,e):m: <(Pp|‘P(’r',t=tf)> ZTCPSIHO, (5)
where E = p? /2 is the kinetic energy of the photoelectron and
0 is the angle between the emission direction of the ejected
photoelectron and the polarization axis of the laser field. The
continuum state P, satisfies the following equation:

By integrating over 8 in Eq. (5), we obtain the photoelectron
energy spectra

dP %P

98~ | 3£094%" )

In this paper, we consider a chirped femtosecond laser
pulse having a Gaussian form, which is similar to that used in
Refs. [17], [20], [21], and [35]. The laser pulse is assumed to

be linearly polarized along the z axis with its vector potential
given by
A(r) = AF (¢) sin[o(1)t + ¢ole., 3)

where ¢ is the carrier-envelope phase (CEP) of the laser pulse.
The peak amplitude A, chirped carrier frequency (), and
time envelope F(¢) are given respectively by

Lo E_ 1 o/ ©)
Sy o\ 1rEY

E ¢
o(t) = a)0+4ln21+62 —Tg, (10)
F(t) =ex (—4ln21 tz) (11)
P 1+82 1)

Here, I, = 3.51 x 10' W/cm? and the parameter & is the
chirp rate. The case & = 0 corresponds to a transform-limited
(i.e., chirp-free) pulse with carrier frequency @y, peak inten-
sity Iy, and pulse duration 7y (full width at half maximum,
FWHM). For a chirped pulse, the peak intensity and pulse du-
ration are given by I =1Iy/+/1+ &2 and 7= 19/1+ &2, re-
spectively. It is clear that a nonzero chirp £ leads to a decrease
in the peak intensity and an increase in the pulse duration for a
fixed total pulse energy. The electric field strength of the laser
pulse is given by the time derivative of the vector potential,
ie, E(t)=—0dA(t)/or.

3. Numerical results and discussion

3.1. Check the reliability of present numerical calculations
In Ref. [36], we compared carefully the energy spec-

tra and the 2D momentum distributions of H obtained from

the TDSE based on the length and the velocity gauges, re-
spectively. To further check the reliability of our numerical

T 0.12 '(')"I""I""I""I'"'I""
a

T e=0 -
"‘ES 0.08—_ -
]

= m 4
-~ B
= | —— 0=0 (present work) i
E“ 0‘04- — 0=0 (Peng et al.[20)
— - — - 0= (present work) 1
o 0 =7 (Peng et al.?0) c— ]

(O e e L B B
0 5 10 15 20 25 30

n 0.12 T T T T

0 ] () £=15 ]
T, 0.08 .
e i

& ] i
£ \

= 0.04_- Teio (present wor.k) ]
< J 0 =0 (Peng et al.l20])

EJ/ - — - 0= (present work) m
" 1 0== (P t al.l20] -

& 0 ""IZT'('E'HgS'CL"R"' T

T LI LR R IR A
0 5 10 15 20 25 30
Electron energy/eV
Fig. 1. (color online) Differential probabilities P; (E, 6;) of electrons ionized
along 6 =0 and 6 = 7 for (a) & = 0 and (b) £ = 1.5. The transform-limited
laser pulse has central carrier frequency wy = 25 eV, CEP ¢y = 0.57, inten-
sity Iy = 1 x 10> W/em?, and duration 7 = Ty = 27/ @.
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simulations, in Fig. 1, we compare the present differential
probabilities of electrons ionized along 6 = 0, & for two dif-
ferent chirp rates £ = 0, 1.5 with those in Ref. [20]. The
laser pulse for & = 0 has central carrier frequency @y = 25 eV,
CEP ¢g = 0.57, intensity Iy = 1 X 10'5 W/cm?, and duration
T0 = Tp = 27/ ay. Clearly, the present differential probabili-
ties agree perfectly with those documented in Ref. [20], which

were obtained from the TDSE using the velocity gauge.

In the following, we show how the chirp rate of the laser
pulses affects the PES, the PADs, and the 2D momentum spec-
tra of the H atom in the multiphoton, single-photon, and tun-
neling ionization regimes, respectively. We take ¢o = O for all

the numerical calculations in the rest of this paper.

3.2. Multiphoton ionization regime

In our simulations, we choose a 7o = 5 fs (FWHM) laser
field with the peak laser intensity of Iy = 1.3 x 1013 W /cm?
and central wavelength Ay = 400 nm for the transform-limited
pulse. The corresponding Keldysh parameter is 6. Figure 2(a)
compares the electric field of a chirp-free pulse with those hav-
ing a positive and a negative chirp.

In Fig. 2(b), we compare the PES of H by laser pulses
with three different chirp rates £. For the chirp-free pulse,
the PES consists of a series of ATI peaks equally separated by

the photon energy (i.e., 3.1 V). Clearly, the chirp rate & very
strongly affects the PES, which can be attributed to the differ-
ent contributions of the excited bound states for the different
chirp rates. In Fig. 2(c), we show the total population of 39
excited bound states of H by laser pulses with three different
chirp rates.
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Fig. 2. (color online) Chirp dependence of (a) the electric field of laser pulses; (b) photoelectron energy spectra of H; and (c) total population

of excited bound states of H. We consider three different chirp rates, i.e., & = —1.73 (solid), & = 0 (dashed), and & = 1.73 (dot-dashed).
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Fig. 3. (color online) Photoelectron angular distributions of H at different photoelectron energies by the chirped pulses with three chirp rates:
& = —1.73 (solid), & = 0 (dashed), and & = 1.73 (dot-dashed). The orders of the ATI peaks are (a) S=1, (b) S=2,(c) S=3,and (d) S =4,
as labeled in Fig. 2(b). The laser parameters are the same as those in Fig. 2.
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One can see that the instantaneous population of H for
the chirp-free pulse is quite different from that using a pos-
itive (or negative) chirped pulse. Even for the same |&|, the
instantaneous populations are still very different for =&. It in-
dicates that the excitation dynamics of the excited bound states
are quite different due to the different time-dependent instan-
taneous frequency components for the unchirped and chirped
laser pulses. This is the reason why the PES is different for the
three cases of £ = —1.73, £ =0, and £ = 1.73.

The PADs are calculated by integrating over one-photon
energy (i.e., 3.1 eV) around several ATI peaks labeled as S =1,
2, 3, and 4 in Fig. 2(b). We mention that the same energy
ranges are used to calculate the PADs both for the unchirped
and chirped laser pulses. For simplicity, all the PADs and
the 2D momentum spectra are normalized to 1.0 at the peak
throughout this paper unless otherwise stated. Clearly, the
PADs show a chirp dependence especially for S =2 and 3 as
shown in Fig. 3.

For the chirped laser pulses, the low-energy 2D momen-
tum spectra have more complex structures than that of the
chirp-free case as shown in Fig. 4. We can see the sidebands
in the first ATI peak and that the peak is shifted toward the
smaller (larger) momentum for the negative (positive) chirped
pulse compared with that of the unchirped laser case. The
reason is that the electron can be ionized by simultaneously
absorbing 5 photons at least, which corresponds to the first
ATI peak for the unchirped pulse. However, the situation is
quite different for the chirped laser case. The active electron
can simultaneously absorb 5 photons whose instantaneous fre-
quency is higher (or lower) than the unchirped laser frequency

103
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101 ToEELT gy
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Angle/(°)
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(i.e., 3.1 eV), which causes the sideband structures and the
slight shift of the first ATI peak. On the other hand, the
momentum spectra far below the first ATI peak exhibit very
strong chirp dependence. It indicates that the 4-photon chan-
nel is closed for the unchirped laser but opened for the chirped
pulses under the present chirp rates.
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Fig. 4. (color online) Low-energy photoelectron 2D momentum dis-
tributions of H in the multiphoton ionization region by the chirped
pulse with three different chirp rates: (a) & = —1.73, (b) & =0, and
(c) & = 1.73. The laser parameters are the same as those in Fig. 2.

100 £=-1.73
S é=0 (b)

0.75 - = ¢=1.73

0.50 S=1

0.25

0 , . ,
0 45 90 135 180

Angle/(°)

Fig. 5. (color online) Chirp dependence of (a) photoelectron energy spectra; (b), (c) photoelectron angular distributions at different photoelec-
tron energies; and (d) total population of excited bound states of H. The orders of the ATI peaks are (b) S =1 and (c) S = 2 as labeled in (a). We
consider three different chirp rates, i.e., & = —1.73 (solid), & = 0 (dashed), and & = 1.73 (dot-dashed). The single photon energy is 15.5 eV.
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3.3. Single-photon ionization

To check the argument that the chirp dependence essen-
tially comes from the intermediate bound states in Ref. [17],
we consider a 5 fs laser pulse with a laser peak intensity of
7.9 x 103 W/cm? and the central wavelength of 80 nm. The
corresponding Keldysh parameter is 12. The single photon
energy is 15.5 eV and thus the active electron in the ground
state of H can be removed by absorbing a single photon. Fig-
ure 5(a) presents the photoelectron energy spectra of H for the
laser pulses with three different chirp rates. In Figs. 5(b) and
5(c), we show the PADs corresponding to the two ATI peaks
(i.e., S = 1,2 labeled in Fig. 5(a)). The 2D momentum spectra
of H are also given in Fig. 6. Clearly, the photoelectron en-
ergy spectra, the PADs, and the 2D momentum spectra have
no chirp dependence in the single-photon ionization region,
which is consistent with the Na atom case in Ref. [17]. This is
expected because the electron in the initial ground state can be
directly released into the continuum state by a single-photon
process and thus the intermediate excited bound states play a
less important role, although the electron is capable of popu-
lating in the excited states (see Fig. 5(d)).

3.4. Tunneling ionization

Finally, we study how the tunneling ionization depends
on the chirp rate of the laser pulses. It is known that the active
electron in the ground state of an atom can tunnel through the
potential barrier and thus the excited bound states would play
a minor role in the tunneling ionization, while the tunneling
process is dominantly affected by the laser field. In our sim-
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ulations, we use a 5 fs laser pulse with central wavelength of
800 nm and peak intensity of 3.16 x 104 W/ cm?. The corre-
sponding Keldysh parameter is 0.6.
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Fig. 6. (color online) Low-energy photoelectron 2D momentum dis-
tributions from single-photon ionization by the laser pulses for three
different chirp rates: (a) £ = —1.73, (b) £ =0, and (¢) £ =1.73. To
make both ATI peaks (i.e., S = 1 and 2) visible, we renormalize the
S = 2 with another normalization factor. The laser parameters are the
same as those in Fig. 5.
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Fig. 7. (color online) Chirp dependence of (a) photoelectron energy spectra; (b), (c) photoelectron angular distributions at different photoelec-
tron energies of £ = 2U,, and E = 3U,, respectively; (d) total population of excited bound states of H. We consider three different chirp rates,

ie.,, & = —1.73 (solid), £ = 0 (dashed), and & = 1.73 (dot-dashed).
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Figure 7(a) demonstrates the photoelectron energy spec-
tra of H by laser pulses with three different chirp rates in the
tunneling ionization region. We can see that the ionization
yield by the chirp-free laser pulse is larger than that from the
chirped laser case. Even for the same |&|, the structures of
the photoelectron energy spectra are still very different for
+&. In Figs. 7(b) and 7(c), we show a very clear chirp de-
pendence of the normalized PADs at energies of 2U, and 3Uj,
respectively. One can see that the electron tunnels dominantly
along the laser’s polarization axis for the unchirped pulse as
expected, while the off-axis tunneling ionization can also hap-
pen for the chirped pulses because its laser peak intensity re-
duces 2 times with respect to that of the unchirped pulse. The
time-dependent total population of all the excited states is also
presented in Fig. 7(d). It is also possible that the electron is
firstly excited to some intermediate bound states and then tun-
nels through the potential barrier. In this case, the chirp depen-
dence of the PADs should be partially attributed to the excited
states.
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Fig. 8. (color online) Low-energy photoelectron 2D momentum distri-
butions of H in the tunneling ionization region by a 5 fs laser pulse for
three different chirp rates: (a) £ = —1.73, (b) £ =0, and (¢c) £ = 1.73.

Figure 8 presents the low-energy 2D momentum spectra
of H by laser pulses with three different chirp rates. The mo-
mentum spectra exhibit a very clear chirp dependence. We
can see that the very low-energy momentum spectra demon-
strate ubiquitous fanlike structures both for the unchirped
and chirped pulses. At the momentum p = 0.077 a.u., the
dominant angular momentum is L = 6 (5) for the unchirped
(chirped) pulses. Thus there are seven (six) peaks for the
unchirped (chirped) pulses. Furthermore, the electrons tunnel
preferably along the polarization direction of the laser fields in

the tunneling ionization region for the unchirped laser, while
the tunneling ionization away from the laser’s polarization axis
is enhanced significantly for the chirped pulses.

4. Conclusion

We theoretically study the chirp dependence of the ATI
ionization processes of the hydrogen atom in an intense laser
field by solving the TDSE. By comparing the energy spectra,
the 2D momentum spectra, and the angular distributions of
photoelectrons for the laser pulses with different chirp rates,
we show a very clear chirp dependence both in the multipho-
ton and tunneling ionization processes, but no chirp depen-
dence in the single-photon ionization. We also confirm that the
chirp dependence in the multiphoton ionization based ATI can
be attributed to the different excitation dynamics of intermedi-
ate bound states. In the single-photon and tunneling ionization
regimes, the electron can be removed directly from the ground
state and thus the excited states may not be very important. It
indicates that the chirp dependence in the tunneling ionization
based ATI processes is mainly due to the laser pulses with dif-
ferent chirp rates. Unfortunately, there is little experimental
data available to examine these theoretical results, as far as we
know.
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