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Above-threshold detachment of negative ions by circularly
polarized few-cycle laser fields
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In accordance with nonperturbative quantum scattering theory, we investigate photoelectron angular distri-
butions (PADs) from above-threshold detachment (ATD) of negative ions irradiated by circularly polarized
few-cycle laser fields. Electrons ejected on the polarization plane demonstrate distinct anisotropies in an-
gular distributions which distinctly vary with the carrier-envelope (CE) phase. The anisotropy is caused
by interference between transition channels; it also depends strongly on laser frequency, pulse duration,
and kinetic energy of photoelectrons. Optimal emission of photoelectrons, which varies with CE phase,
makes it possible to control photoelectron motion.
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With the rapid development in laser technology, it has
become possible to produce ultrashort laser pulses con-
taining only a few optical cycles[1,2]. The temporal shape
of electric fields dramatically varies with the initial phase
of carrier waves with respect to pulse envelopes (also re-
ferred to as carrier-envelope (CE) phase). The CE phase
plays an important role in the interaction of matters with
short pulses[3,4]. In recent research, the study of de-
tachment of negative ions has aroused both theoretical
and experimental interests[5−17], and the above-threshold
detachment (ATD) in few-cycle limit and CE phase-
dependent phenomena have become prominent subject
fields as well[18,19]. Given the lack of Coulomb attrac-
tion of detached electrons by parent ions, as well as the
loosely bound and easily detached outermost electron of
negative ions, the negative ion detachment in the strong
field could provide perfect investigation of strong-field
approximation[20].

In a recent theoretical study, Bivona et al. have in-
vestigated the photodetachment of F− irradiated by a
few-cycle circularly polarized laser field through a two-
step semi-classical model[18]. They have discussed the
effects of CE phase and the number of cycles contained
in a pulse (also referred to as cycle number) on the po-
toelectron angular distributions (PADs), and found that
the anisotropies in PADs of electrons ejected on the plane
perpendicular to the laser propagation direction were de-
pendent on the cycle number of laser pulse. They have
also established that the anisotropy in PADs is strongly
reduced with increase in cycle number.

By using a nonperturbative quantum scattering the-
ory, we investigate the PADs of ATD for negative ion H−

irradiated by circularly polarized few-cycle laser fields.
PADs vary with CE phase. Electrons ejected on the
plane perpendicular to the laser propagation contain dis-
tinct anisotropies in angular distributions, which strongly
depend on cycle number, kinetic energy of the photoelec-
tron, and laser frequency. We have demonstrated that
the anisotropies in PADs are more distinct when the cy-
cle number is smaller, the kinetic energy is higher, and
the laser frequency is lower. These findings offer possible

means of controlling PADs during anisotropic photoion-
ization.

Short pulse can comprise three quantized laser
modes[21],

ω1 = ω, ω2 = ω(1 + 1/n), ω3 = ω(1 − 1/n),

where n denotes the cycle number.
Under such modulation, the synthesized electric field

behaves as an infinite sequence of identical, few-cycle
laser pulses, which can be described as

E(t) = E0[2 sin(ω1t + φ0) − sin(ω2t + φ0)
− sin(ω3t + φ0)]/4

= E0 sin2(ωt/2n) sin(ωt + φ0), (1)

where E0 is the peak value of the synthesized electric field
and φ0 is the CE phase. The first term can be regarded
as the envelope of an infinite sequence of n-cycle pulses,
whereas the second term acts as the carrier wave. Thus,
the synthesized field corresponds to a series of n-cycle
pulses, each sharing a common phase (φ0). In this letter,
the peak intensity of the synthesized n-cycle pulses is re-
ferred to as laser intensity.

The transition rate for a given ATD peak in the pulse
sequences is given by (h̄ = 1, c = 1)[21]

d2W

dΩPf

=
(2m3

eω
5)1/2

(2π)2
(q − εb)1/2(q − 4up1)2 | Φi(Pf − qk) |2

× |
∑
qi,ji

ℵ−j1,−j2,−j3(zf )∗ℵq1−j1,q2−j2,q3−j3(zf) |2,

(2)

where me is the rest mass of the electron while q is the
absorbed-photon number with

qω = q1ω1 + q2ω2 + q3ω3, (3)

with qi (i=1,2,3) as the overall transferred photon num-
ber of the ith mode. The sum over qi is performed over
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all possible q1, q2, q3 for a fixed q. We identified one set
of qi satisfying Eq. (3) for a fixed q and used this as tran-
sition channel. Channels that are indistinguishable with
q2 = q3 are regarded as one. In the equation, integer q
corresponds to the final kinetic energy of the photoelec-
trons:

Ek ≡
P2

f

2me
= qω − Eb. (4)

Ponderomotive parameters up, up1, up2, up3 are given by
up = e2Λ2

meω , upi = e2Λ2
i

meωi
, (i = 1, 2, 3), with 2Λ being the

classical amplitude of the laser field and 2Λi being the
classical amplitude of ith classical field; Eb is the ionic
binding energy. In Eq. (2), εb = Eb/(h̄ω) is the bind-
ing number, i.e., the ionic binding energy Eb in units of
laser photon energy h̄ω; Pf is the final momentum of the
photoelectron, k is the central wave vector of the laser
pulse, and Φi(Pf ) is the angular eigenstate of the neg-
ative ion. The quantity, ji(i = 1, 2, 3), is the number of
photons absorbed in the detachment process in the ith
mode and is a mute number in the sum. We performed
a summation of ji(i = 1, 2, 3) on the energy shell. The
three-mode generalized phased Bessel (GPB) functions
are given by[21]

ℵ−j1,−j2,−j3(zf ) =∑
m5,m7,m9

Xj1−m5−m7(ζ1f )Xj2+m5−m9(ζ2f )

×Xj3+m7+m9(ζ3f )Xm5(z5)Xm7(z7)Xm9(z9), (5)

The sum is calculated for integer indices

mi(i = 1, · · · , 9) : −∞ < mi < +∞.

Meanwhile, Xn(z) is the phased Bessel function.
The arguments of the GPB function are[21]

ζ1f =
2|e|Λ1

meω1
Pf · ε1, ζ2f =

2|e|Λ2

meω2
Pf · ε2,

ζ3f =
2|e|Λ3

meω3
Pf · ε3, z5 =

2e2Λ1Λ2ε2 · ε∗
1

me(ω2 − ω1)
,

z7 =
2e2Λ1Λ3ε3 · ε∗

1

me(ω3 − ω1)
, z9 =

2e2Λ2Λ3ε2 · ε∗
3

me(ω3 − ω2)
. (6)

where εi(i = 1, 2, 3) is the polarization vector of the ith
mode defined as

εi = [εx cos(ξ/2) + iεy sin(ξ/2)]eiϕi ,

ε∗
i = [εx cos(ξ/2) − iεy sin(ξ/2)]e−iϕi ,

εi · εk = cos(ξ)ei(φi+φk), εi · ε∗
k = ei(φi−φk), (7)

where εx and εy are the unit vectors vertical to each
other, ξ monitors the polarization degree (i.e., ξ = 0
denotes linear polarization, ξ = π/2 represents circular
polarization). Phase angle φi(i = 1, 2, 3) relates to CE
phase φ0 as

φ1 = π, φ2 = −φ0/n, φ3 = φ0/n. (8)

Fig. 1. Polar plots of the calculated PADs of the third ATD
peaks for negative ion H− in circuarly polarized (a) five cy-
cle, (b) four cycle, and (c) three cycle laser pulses with CE
phase at 0◦. The laser intensity is 0.4 TW/cm2 and the laser
wavelength 1800 nm.

Accordingly, dΩPf
= sin θfdθfdφf is the differential

solid angle of the final photoelectron, where θf and φf

are the scattering and azimuthal angles, respectively.
PAD denotes the detachment rate for different φf at
fixed θf = π/2.

In this letter, we identified negative ion H− as the
sample ion. In our calculations, the binding energies
were 0.75421 eV for negative ion H−[22]. The initial wave
function was chosen as the ground-state wave function.
Our calculations showed distinct anisotropies in PADs
of electrons were ejected on the plane perpendicular to
the laser propagation from the ATD of negative ions by
few-cycle laser pulses. The anisotropy in PADs depended
strongly on laser frequency, kinetic energy of the pho-
toelectron, and cycle number. The PADs were strongly
influenced by CE phase. The anisotropy was caused by
the numerous channel transitions. Correspondingly, the
interference among different transition channels induced
the anisotropy, and most of the emitted direction of pho-
toelectrons was determined by the CE phase[21].

We investigated the influence of cycle number on PADs
for negative ion H− by inducing few-cycle circularly po-
larized laser pulses (Fig. 1). In the calculations, the
laser intensity was 0.4 TW/cm2 while the laser wave-
length was 1800 nm. Based on Fig. 1, the PADs are
not always isotropic; with a decrease in cycle number,
anisotropy in PADs appears. Figure 1(a) on the five-
cycle laser pulses shows that the PAD is isotropic. As
cycle number decreased, the PADs became anisotropic.
This is prominent in Fig. 1(b) for cycle number n=4 and
Fig. 1(c) for cycle number n=3; these findings are in
agreement with that proposed by Bivona et al.[18]. The
maximum number of emitted photoelectrons was located
at φf=180◦ while the minimum was located at φf=0◦.
For cycle number n=5, only one transition channel was
observed; there was also no interference and the PAD
was isotropic. For cycle numbers n=4 and n=3, there
were three and two transition channels, respectively, and
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Fig. 2. Polar plots of the calculated PADs of the third ATD
peaks for negative ion H− in three-cycle circularly polarized
laser pulses at different CE phases. (a) 0◦, (b) 90◦, and (c)
180◦. Laser intensity is 0.5 TW/cm2 and laser wavelength is
2400 nm.

the interference between different transition channels in-
duced the anisotropies in PADs.

We further investigated the influence of CE phase, ki-
netic energy of the photoelectron, and laser frequency
on PADs. Figure 2 shows the calculated PADs of the
third ATD peak for several CE phases for laser pulses
with intensity of 0.5 TW/cm2 and wavelength of 2400
nm. Figures 2(a)–(c) correspond to different CE phases
of φ0=0◦, 90◦, and 180◦, respectively. As shown in Fig.
2, PADs vary with CE phase. For φ0 = 0◦ and φ0=180◦,
the number of photoelectrons emitted to the right is not
the same as that to the left, as shown in Figs. 2(a) and
(c). For φ0 =90◦, as shown in Fig. 2(b), the number of
photoelectrons emitted to the right is the same as that
to the left.

The position of the maximum also varied with CE
phase because of the corresponding direction of the max-
imal electric-field strength. For φ0=0◦, the maximum
was located at φf=180◦ while the minimum was located
at φf=0◦. For φ0=180◦, the maximum was located at
the right and the minimum was located at the left. For
φ0=90◦, although the number of photoelectrons emitted
to the right was the same as that to the left, the maxi-
mum of PADs was located at φf=90◦, and the minimum
at φf=270◦.

The maximal ionization rate was constant across the
various CE phases. This phenomenon indicates that the
maximal field strength of the synthesized circularly po-
larized pulses remains constant as well. Owing to the
symmetry of electric field with respect to its maximum,
the photoelectrons emitted to the left and right direc-
tions were symmetric near the axis (i.e., depending on the
CE phase). For the few-cycle circularly polarized laser
pulses, the electric field of pulses varied with CE phase.
Notably, the CE phase would determine the direction
of the maximal field, and the intense-matter interaction
was dependent on the electric field of the pulse. Accord-
ingly, the CE phase influenced the maximal occupation

Fig. 3. Polar plots of the calculated PADs of the (a) first, (b)
second, (c) third, and (d) fourth ATD peaks for negative ion
H− in three-cycle circularly polarized laser pulses. (a)–(d):
Photoelectron energies of 0.69, 1.38, 2.07, and 2.76 eV, re-
spectively. Laser intensity is 0.4 TW/cm2, laser wavelength
is 1800 nm, and CE phase is 0◦.

Fig. 4. Polar plots of calculated PADs of the first ATD peak
for negative ion H− in three-cycle circularly polarized laser
pulses at different laser wavelengths. (a) 1800, (b) 3400, and
(c) 3600 nm. Peak laser intensity is 0.4 TW/cm2 and CE
phase is 0◦.

direction of the photoelectrons. These results were con-
sistent with the analysis of Paulus et al.[3].

Figure 3 shows the influence of the kinetic energy of the
photoelectron on the PADs of negative ion H− in three-
cycle circularly polarized laser fields. In the calculation,
the laser intensity was 0.4 TW/cm2, the laser wavelength
was 1800 nm, and the CE phase was 0◦. The PADs were
anisotropic for higher kinetic energy. As for the first
ATD peak in Fig. 3(a) with photoelectron energy of 0.69
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eV, the PADs are isotropic. For higher kinetic energies,
the PADs become anisotropic, as shown in Figs. 3(b)–
(d); these figure insets correspond to the second, third,
and fourth ATD peaks, with photoelectron energies of
1.38, 2.07, and 2.76 eV, respectively. For the higher ki-
netic energy of photoelectrons, many transition channels
were observed. The quantum interference of the different
transitions caused the PADs to become anisotropic. For
the lower kinetic energy of photoelectrons, only one tran-
sition channel was demonstrated; thus, the PADs were
isotropic.

Figure 4 shows the influence of laser frequency on the
PADs. In the calculation, the laser intensity was 0.4
TW/cm2 and the CE phase was 0◦. Based on Fig. 4,
the PADs are anisotropic for longer laser wavelengths.
In Fig. 4(a), which presents the laser wavelength of 1800
nm, the PADs are isotropic. For longer laser wavelengths,
the PADs are anisotropic, as shown in Figs. 4(b) and (c).
Accordingly, many transition channels could be observed.
The quantum interference of different transitions caused
anisotropy in the PADs. In contrast, for shorter laser
wavelengths, only one transition channel existed, result-
ing in isotropy in PADs.

In conclusion, we show that PADs in circularly polar-
ized few-cycle laser pulses are anisotropic and vary dis-
tinctly with CE phase. The ionization rates in opposite
directions are not always equal to each other. Accord-
ingly, the anisotropy is caused by the interference be-
tween transition channels; it depends strongly on laser
frequency, pulse duration, and kinetic energy of photo-
electrons. Given that the optimal emission of photoelec-
trons varies with CE phase, control of the photoelectron
motion can achieved.

This work was supported by the National Natural Sci-
ence Foundation of China under Grant Nos. 60908006,
10804067, and 60407007.
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