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X-ray-boosted photoionization for the measurement of
an intense laser pulse∗
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Investigations show that X-ray-boosted photoionization (XBP) has the following advantages for in-situ measurements
of ultrahigh laser intensity I and field envelope F(t) (time t, pulse duration τL, carrier-envelope-phase Φ): accuracy, dy-
namic range, and rapidness. The calculated XBP spectra resemble inversely proportional functions of the photoelectron
momentum shift. The maximum momentum 𝑝 and the observable value Q (defined as a double integration of a normalized
photoelectron energy spectrum, PES) linearly depend on I1/2 and τL, respectively. Φ and F(t) can be determined from the
PES cut-off energy and peak positions. The measurable laser intensity can be up to and over 1018 W/cm2 by using high
energy X-rays and highly charged inert gases.
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1. Introduction
In modern sciences and technologies, the laser occupies

an important position, and the strong field physics is one of
the scientific frontiers. Recent advances in laser technology
have made it possible to obtain single optical cycle pulses.[1]

A table-top laser system or a large facility can produce intensi-
ties in excess of 1018 W/cm2 or up to 1022 W/cm2.[2] Thus far,
ultrashort and ultrahigh lasers have been used as pump/probe
pulses in above-threshold ionization (ATI),[3] high-order har-
monic generation,[4] nonlinear Compton scattering,[5] and
laser acceleration.[6] To either produce or use ultrahigh laser
pulses, it is critical to know the peak intensity I, the field enve-
lope F(t), and the carrier-envelope phase (CEP) Φ of each
pulse; however, measuring these parameters in real time is
challenging. This can be attributed to (i) a lack of nonlinear
optical effects that can be used in measurements with broad
intensity dynamic ranges, and (ii) few detectors can survive in
ultrahigh fields without damage.

Ultrahigh laser intensities are usually estimated from the
focal spot size, the energy in the spot, and the temporal profile
of the pulse, which are typically measured using an autocor-
relation method. The estimation is subject to many errors that
quickly add up to about 50% uncertainty in the intensity[7]

or to a value even several times higher than the actual inten-
sity. More recently proposed measurement techniques include
measuring the field ionization of highly charged inert gases
(I around 1020 W/cm2),[8,9] Thomson scattering from single
and multiple electrons (I ≥ 1018 W/cm2), and the momentum
transferred to the photo-ion and photoelectron.[10,11]

Studies have shown that a few-cycle ultrahigh laser leaves

a clear fingerprint on a photoelectron energy spectrum (PES)
as it passes through a gas involving X-ray radiation. The spec-
trum exhibits interesting energetic and statistical properties
due to the field modulation and strong quantum interference
between the photoelectron wave packets. The spectral en-
ergetic width and the total X-ray photoionization sensitively
reflect the laser field strength and the pulse duration, respec-
tively. The linear relations between these spectral values and
the laser parameters (intensity, carrier-envelope phase, pulse-
duration) suggest new methods for ultrahigh-laser-pulse mea-
surement in-situ. Calculations show that these methods can be
used to measure laser intensities up to 1016 W/cm2 with sub-
keV X-rays, or intensities up to 1018 W/cm2 by using higher
energy X-rays and highly charged inert gases.

Different from the other ionization methods that have
very limited dynamic measurement ranges (e.g., several times
of the intensity),[8,9] the proposed methods have advantages
of accuracy, simplicity, speed, and large dynamic ranges (up
to many orders of intensity). Furthermore, all pulse informa-
tion including the laser intensity, field envelope, and carrier-
envelope phase can be directly determined from the ener-
getic and statistical properties of a measured PES without
any time-resolved measurements and data iterating and fit-
ting processes. Different from the conventional streaking
methods[12–15] (including our previous research works[16–22])
for the measurements of attosecond X-ray pulses by using in-
tense few-cycle lasers (whose parameters must be measured in
advance), the new configuration for the measurement of ultra-
high laser pulses by using narrowband continuous X-rays (or
X-ray pulses whose durations are much longer than the laser)
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has different purposes, different physical results (spectral pat-
terns), and different data analysis algorithms. The attosecond
streaking measurements involve time-resolved measurements
and data iterating and fitting procedures.[23–27]

In this paper, we report some theoretical results of the
X-ray-boosted photoionization (XBP) under the new configu-
ration for in-situ measurements of ultrahigh laser pulses. The
methods are based on the analysis of the XBP spectral ener-
getic and statistical properties. The PES are calculated using
strong field approximation (SFA).[28]

The paper is organized in sections. Section 2 is dedicated
to an introduction of the SFA theory[28] and the stationary
point method[16–22] for calculations of the XBP PES and the
classically predicted spectral values. Section 3 shows some
ATI data calculated in the absence of the X-ray for compari-
son with the XBP. Section 4 is divided into three subsections.
In Subsection 4.1, the XBP PES calculated with different laser
parameters are investigated. In Subsection 4.2, the XBP en-
ergetic properties including the spectral cut-off energies are
closely examined. In Subsection 4.3, the XBP statistical prop-
erties including the total XBP photoionization yield and the
double integration of the XBP PES is analyzed. Section 5 con-
cludes our findings.

2. Strong field approximation
For a cross-correlation between a laser pulse and a nar-

rowband continuous X-ray (or an X-ray pulse that is much
longer than the laser), both were synchronized and collinearly
propagating in Z direction (called 0◦-correlation), the gener-
ated PES can be calculated from the probability amplitude for
transitioning from the ground state |0〉 to a final momentum
(𝑝) state |𝑝〉,[28]

b(𝑝) = i
∫

∞

−∞

dt𝐸(t) ·𝑑[𝑝−𝐴(t)]e−i S̃(t), (1)

where S̃(t) is the quasi-classical action,

S̃(t) =
∫

∞

t
dt ′[𝑝−𝐴(t ′)]2/2+ Ipt. (2)

𝐸(t) and 𝐴(t) describe the combined electric fields and vec-
tor potentials of the linearly polarized laser and the X-ray with
amplitudes EL(t) and EX (t) (≡ EX , a constant value), respec-
tively. ωL and ωX are the angular frequencies of the laser
and X-ray, respectively. Φ is the CEP of the laser. t denotes
time and E(t) = EL(t)cos(ωLt +Φ)+EX cos(ωX t) (X direc-
tion). Ip is the atomic ionization potential. 𝑑(𝑝) = 〈𝑝|𝑥|0〉
denotes the atomic dipole matrix element for the bound-free
transition, and dx(𝑝) is the component parallel to the polariza-
tion axis (X direction). The above discussion is also applied
to the 90◦-correlation measurement where the X-ray propa-
gates in the Y direction, as shown in Fig. 1(a) (color online).

Obviously, b(𝑝) describes the quantum interference between
the electron wave packets that are generated at different times,
and each photoelectron carries the information of the whole
laser pulse. In the following, atomic units and model atoms
(e.g., hydrogen-like atoms) are used for simplicity [Ip = 13.6
eV, dx(𝑝) = i219/4I5/4

p 𝑝/π(2Ip +𝑝2)3 for s state]. The laser
intensities used in quantum mechanical calculations by apply-
ing SFA are selected on the model assumptions that (I) the
laser intensities I are below the saturation ionization level Isat,
assuring no ground state depletion, and (II) the Keldish param-
eter γ =

√
Ip/2Up < 1, where Up is the ponderomotive energy,

Up = I/2ω2
L .
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Fig. 1. (color online) XBP configuration. (a) Illustration of the cross-
correlation between an X-ray and a laser pulse. The X-ray can be fil-
tered from the high harmonic radiation or the synchrotron radiation. A
photoelectron that flies out from the interactive region is deflected by
a magnetic field and collected by a spectrometer. Photoelectrons with
specific energies of interest are selected by adjusting the magnetic field.
(b) A spatial profile of the laser intensity, Ir(r) = exp[−4ln2(r)2/τ2

R]
(magenta line), and an iso-intensity shell in the interaction volume (ra-
dius r, length L, thickness dr).

Physically, |b(𝑝)|2 is the photoelectron momentum spec-
trum n(𝑝), and its conversion to the PES is n(W ) =

|b(𝑝)|2/
√

2W , where W is the photoelectron energy. b(𝑝) can
be expressed as b(𝑝) = b1(𝑝)+ ε , where

b1(𝑝) =
1
2

i
∫

∞

−∞

dtEX dx[𝑝−𝐴(t)]e−i S̃1(t) (3)
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is a dominant term that is contributed by the X-ray and ε is the
residual including the laser contribution. Here,

S̃1(t) =
∫

∞

t
dt ′

[𝑝−𝐴(t ′)]2

2
+(ωX − Ip)t (4)

is the quasi-classical action of b1(𝑝). In the time domain, S̃1(t)
has many stationary points (𝑝st, j, tst, j) ( j = 1, 2, . . .) for each
momentum 𝑝, where

dS̃1, j(t)
dt

∣∣∣∣
t=tst, j

=
[𝑝st, j−𝐴L(tst, j)]

2

2
− (ωX − Ip)

≡ 0. (5)

Equation (5) is the stationary point equation, which gives the
initial kinetic energy of the generated electron W0 = 𝑣2

i, j/2 =

[𝑝st, j−𝐴L(tst, j)]
2/2 ≡ ωX − Ip. At time t = tst, j +∆t (∆t is a

small value),

S̃1(t) = S̃1(tst, j)+
1
2

∂ 2S̃1(t)
∂ t2

∣∣∣∣
t=tst, j

(t− tst, j)
2 (6)

is a good approximation, and the transition probability ampli-
tude is

∆b1(𝑝st, j, tst, j,∆t)

=
1
2

i
∫ tst, j+∆t

tst, j

dtEX dx[𝑝st, j−𝐴(t)]e−i S̃1(t)

=
1
2

i∆tEX dx[𝑝st, j−𝐴(tst, j)]e−i S̃1(tst, j). (7)

We define b1(𝑝st, tst) ≡ ∑ j ∆b1(𝑝st, j, tst, j,∆t)/∆t as the semi-
classical prediction of b(𝑝):

b1(𝑝st, tst) = ∑
j

1
2

iEX dx[𝑝st, j−𝐴(tst, j)]e−i S̃1(tst, j). (8)

The semi-classical prediction of the PES is nsc(W ) ≡
|b1(𝑝st, tst)|2/

√
2W . In the following calculations,

F(t) = exp[−4ln2(t)2/τ
2
L ] (9)

is a Gaussian-like time function of the laser field envelope with
a full width at half maximum (FWHM) pulse duration τL. The
laser intensity profile is I(t) = I0F2(t), where I0≡I = 1

2 E2
L is

the laser peak intensity. To compare nsc(W ) to the n(W ) of
PES, n(W ) is divided by the square of the pulse area, ∆T 2,
where ∆T =

∫ +∞

−∞
F2(t)dt. In discussing the total XBP pho-

toionization production or yield, we must consider the spatial
profile of the laser intensity. A Gaussian-like spatial profile,

Ir(r) = exp[−4ln2(r)2/τ
2
R] (10)

is used, where r is the radial variable of the laser beam, and τR

is the FWHM radius, as shown in Fig. 1(b).

3. Above-threshold ionization
Before discussing XBP, we calculate the ATI spectra (in

the absence of the X-ray, EX = 0) by applying SFA for compar-
ison. Figure 2(a) shows the ATI spectra n(W ) calculated with
the laser wave length λL = 750 nm, pulse duration τL = 7 fs,
CEP Φ = 0◦, observation angle θ = 0◦, and different laser
intensities I. Here, θ is defined as the angle between the elec-
tron momentum 𝑝 and the laser-field polarization. The filled
circles in Figs. 2(b) and 2(c) depict the ionization productions
YL =

∫
n(W )dW (in arbitrary units) calculated with different

laser intensities I (for τL = 7 fs) and different laser pulse dura-
tions τL (for I = 5×1014 W/cm2), respectively. The open cir-
cles in Figs. 2(b) and 2(c) depict the ionization productions for
W > 15 eV, i.e., YL>15 eV =

∫
15 eV n(W )dW . The solid line in

Fig. 2(b) is a polynomial fit of the data, YL>15 eV = ∑
5
k=1 akIk

(I has the units of 1012 W/cm2). The solid line in Fig. 2(c)
is a linear fit of the data, YL>15 eV = −0.0035 + 0.0039τL

(τL has the units of fs). The filled circles and solid line in
Fig. 2(d) plot the spectral cut-off energies Wcut at different I
(τL = 7 fs) and a linear fit of the data, respectively. The dot-
ted line plots the classical predictions of the spectral cut-off
energies, Wcl.cut = 3.17Up.

From Figs. 2(b) and 2(c), we see that YL>15 eV contin-
uously increases as I or τL increases. Considering the spa-
tial distribution of the laser intensity, as shown in Fig. 1(b),
the number of the photoelectrons generated in an iso-intensity
shell (radius r, thickness dr, length L) and moving in θ = 0◦

direction is

dY = gηρ ·2πrdrL ·
5

∑
k=1

akIkIk
r (r), (11)

where g is the geometric factor, η is the detection efficiency,
and ρ is the atomic density. The total ATI production [W >

15 eV, τL = 7 fs, Fig. 2(b)] is

YATI =
∫

dY =
5

∑
k=1

AkIk, (12)

where

Ak = 2πgηρLak

∫
∞

0
dr · r e−4ln2·r2k/τ2

R (13)

are constant values associating with the mathematical produc-
tions of ak (k = 1, 2, . . . , 5) and constant spatial integrations∫

∞

0 dr · r e−4ln2·r2k/τ2
R . Because i) the ATI production YL>15 eV

linearly depends on the pulse duration τL for a specified laser
intensity I, i.e., factors ak of the polynomial fit can be substi-
tuted by a value of ξ ak where ξ is a constant value for differ-
ent pulse durations and different k numbers, and ii) the spa-
tial integrations

∫
∞

0 dr · r e−4ln2·r2k/τ2
R (k = 1, 2, . . . , 5) are the

same for different pulse durations, thus the linear fit line in
Fig. 2(c) can be modified to another linear line YATI versus τL
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[or YATI(τL)] for the volume integration of the ATI produc-
tions. Experimentally, the laser intensity I can be directly read
from the linear line of the spectral cut-off energy Wcut versus I
[Fig. 2(d)]. A calculated (or measured) line YATI(τL), which
is calibrated with known τL pulses, can be used for the τL

measurement; however, YATI(I) increases by 1.2 as I changes

from 1.3× 1014 W/cm2 to 1.75× 1015 W/cm2, and YATI(τL)

increases by 0.22 as τL changes from 5 fs to 60 fs. These
small increases of YATI(I) and YATI(τL) over these intensities
and pulse durations have limited the sensitivity and the mea-
surable ranges of I and τL, leading us to seek more effective
ways for the measurement of ultrahigh laser pulses.
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Fig. 2. (color online) ATI spectra calculated with SFA. (a) ATI spectra n(W ) calculated with EX = 0, λL = 750 nm, τL = 7 fs, θ = 0◦,
and different I varying from 1014 W/cm2 to 1.5× 1015 W/cm2. (b) ATI production YL versus I (τL = 7 fs). Filled circles: YL =∫

n(W )dW ; open circles: YL>15 eV =
∫

15 eV n(W )dW ; solid line: a polynomial fit of the data. (c) YL versus τL (I = 5×1014 W/cm2).
Filled circles: YL =

∫
n(W )dW ; open circles: YL>15 eV =

∫
15 eV n(W )dW ; solid line: a linear fit of the data. (d) ATI cut-off energy

Wcut versus I (τL = 7 fs). Filled circles: Wcut; solid line: a linear fit of the data; dotted line: the classical predictions of the spectral
cut-off energies Wcl.cut = 3.17Up.

4. X-ray-boosted photoionization

Besides the low sensitivity of the total ATI production
YATI to the laser intensity and pulse duration, Fig. 2(a) also
shows that a) the ATI spectra are lacking structures associated
with the temporal structure of the electric field of the laser
pulse, and b) the spectral values are less than 10−27 at higher
energies (e.g. W > 300 eV), i.e., the ATI electrons at these en-
ergies are not measurable. As discussed in the following, the
spectral values of the XBP at higher energies are much higher
than those of the ATI. The XBP spectra are measurable and
they have interesting structures from which all information of
the laser pulse can be derived.

4.1. XBP PES

Figure 3(a) shows an XBP PES, n(W ), calculated with
time t ranging from −35 fs to +35 fs, λL = 750 nm, τL = 7 fs,

Φ = 0◦, I = 1015 W/cm2, θ = 0◦, ωX = 1 keV, and energy
step sizes of 0.02 eV. Here, the X-ray intensity IX is set to
a value of 5.41× 108 W/cm2 without any specific consider-
ation because n(W ) is proportional to IX . The red line in
Fig. 3(a) plots the laser-induced contribution nL(W ) for com-
parison. The spectra clearly show two measurable portions:
one is that W <WL = 251 eV, which is mainly derived from the
laser field (ATI), and another is 457 eV <W < 1734 eV, which
is mainly derived from b1(𝑝) (XBP PES). The lower and up-
per cut-off energies are denoted as Wa and Wb, respectively.
Obviously, n(W ) is significantly enhanced by the ATI spec-
trum because of the X-ray at W > WL. The black, magenta,
and green lines plot nq(W ) = n(W )/∆T 2 (including the full
interference between all of the electrons), the semi-classical
prediction nsc(W ) (interference between electrons generated
at the stationary points), and the classical prediction nc(W )
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[without interference, which is shifted to a blue line by mul-
tiplying nc(W ) with a factor of 106 for clarity], respectively.
These spectra show that the interference behaves in a way of
strong destruction, and the classical predictions represent the
averaged values of the quantum results. The red oscillating
line in the inset of Fig. 3(b) depicts

W (t) = W0 +2UpF2(t)sin2(ωLt +Φ)

+
√

8UpW0F(t)sin(ωLt +Φ), (14)

where W (t) is the final energy of a photoelectron generated at
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Fig. 3. (color online) XBP PES. (a) Black line: n(W ) = |b(𝑝)|2/
√

2W ;
red line: the laser-induced contribution. (b) Black line: nq(W ) =
n(W )/∆T 2; magenta line: the semi-classical prediction nsc(W ); green
line: the classical prediction nc(W ) [shifted to a blue one, 106nc(W )].
The red line in the inset depicts the final energy W (t) of a photoelectron
born at the stationary point t and moving at θ = 0◦ (Φ = 0◦). (c) An
expanded area of (a), corresponding to the X-ray-boosted photoioniza-
tions.

t = tst and moving at θ = 0◦. The corresponding momentum
is

𝑝(t) = 𝑝0 +2
√

UpF(t)sin(ωLt +Φ), (15)

where 𝑝0 =
√

2W0. The relatively higher peak positions of
n(W ) and nc(W ) correspond to the times when the vector po-
tential 𝐴(t) of the laser field reaches different extremes.

Figure 3(c) (in linear scales) shows an expanded area of
Fig. 3(a), corresponding to the X-ray-boosted photoioniza-
tions. We see that the XBP spectrum has peak groups, each
includes small peaks. Figure 3(c) also shows some spectral
symmetry by W0. The complicated XBP spectral structures
indicate very strong quantum interference between photoelec-
tron wave packets generated at different times. From Figs. 3(b)
and 3(c), we see that the data of the peak positions of the XBP
PES consist of a fingerprint of the laser field envelope F(t).

4.2. XBP energetic properties

To closely examine the XBP PES, we plot 𝑝(t) in
Fig. 4(a) (an oscillating line partly highlighted for a laser op-
tical cycle, T ; θ = 0◦; Φ = 0◦), n(𝑝) = |b(𝑝)|2 (a violet
line), and its smoothed one, ns(𝑝) (a red line, adjacently av-
eraged in 4 eV). From the classical point of view, the pho-
toelectrons generated in an optical cycle (T ) are populated
between momentums 𝑝0 − 2

√
UpF(t) and 𝑝0 + 2

√
UpF(t)

[length Lp = 4
√

UpF(t)]. At a turning point of 𝑝(t), a time
interval T corresponds to a momentum interval d𝑝 of the spec-
trum. If the ionization rate by X-ray is σ and the photoelectron
population is uniform, the contribution to the momentum spec-
trum n(𝑝) is dN ≈ σT · d𝑝/Lp. Thus, n1(𝑝) ≈ 2dN/d𝑝 =

σT/|𝑝−𝑝0|. Here, the contributions from other optical cy-
cles are neglected, whereas those from time −t in an inter-
val T are included. n1(𝑝) is an inverse proportion function of
|𝑝−𝑝0|. The actual shape of a measured n(𝑝) may be close to
nµ(𝑝) = µn1(𝑝) = µσT/|𝑝−𝑝0|, where µ is a proportional
factor. The colored lines in Fig. 4(b) are the smoothed spec-
tra ns(𝑝) calculated with different I and τL. Each one has a
symmetrical pattern between the lower and upper cut-off mo-
mentums 𝑝a and 𝑝b. Calculations indicate that 𝑝a (𝑝b) de-
pends on I and Φ but not on τL. n(𝑝) for τL = 7 fs (55 fs) is
valued between n0.25(𝑝) and n2.5(𝑝) [n6(𝑝) and n9(𝑝)]. The
filled and open circles in Fig. 4(c) plot the Wb values at dif-
ferent Φ . If ns(𝑝) is peaked at 𝑝b (≡ 𝑝1), 𝑝 j ( j = 2, 3,
. . ., 𝑝 j > 𝑝 j+1 > 𝑝0), the field envelopes F(t) and Φ satisfy
F(t = [(2 j− 1)π −Φ ]/ωL) = (𝑝 j − 𝑝0)/2

√
Up. The filled

circles in Fig. 4(d) plot W 1/2
b values that have been calculated

with different I. The solid line is a linear fit of W 1/2
b data. This

line can be used to determine I from W 1/2
b .
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λL=750 nm, τL=7 fs, 
Ι=5T1014 WScm-2, ωX=1 keV
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Fig. 4. (color online) XBP energetic properties. (a) Analysis of an XBP spectrum. Black solid line: the final photoelectron momentum
𝑝(t); highlighted curve: 𝑝(t) in a laser optical cycle T ; violet line: n(𝑝) = |b(𝑝)|2; red line: ns(𝑝) smoothed from n(𝑝). (b) Colored
lines: ns(𝑝) calculated with different I and τL. Black solid (dotted) lines: nµ (𝑝) = µσT/|𝑝−𝑝0|. (c) Filled circles: Wb versus Φ . (d)

Filled circles: W 1/2
b versus I1/2 (τL = 7 fs). Solid line: a linear fit to the data.

4.3. XBP statistical properties

The S-like lines in Fig. 5(a) plot the energy-integrated and
normalized spectra,

q(W ) =
∫ W

Wa
dW ′n(W ′)/YX , (16)

calculated with τL = 7 fs, Φ = 0◦, and different I, where

YX =
∫ Wb

Wa
n(W ′)dW ′, (17)

is the total XBP production. Because n(W ) has structures due
to interference, we define an observable value Q,

Q ≡
∫ Wb

W0

dW
∫ Wb

W
q(W ′)dW ′

=
∫ Wb

W0

dW
∫ Wb

W
dW ′n(W ′)/YX . (18)

Q is a double integration. Here, n(W ′) is integrated from
W (> W0) to Wb because the low energy portion of n(W )

(W < W0) may be polluted by ATI and XBP with lower val-
ues of Ip. Calculations show that YX remains unchanged as I
(or τL, Φ) varies [see the filled circles in Figs. 6(c) and 6(d)],
and Q depends on I and τL but not on Φ . The calculated re-
sults ensure that Q varies for different I. The filled circles in
Fig. 5(b) show Q values calculated with different I (τL = 7 fs).
The solid line is a parabola fit of the data corresponding to I

versus Q, or equivalently, Q = b1(I + b2)
1/2 + b3, where b1,

b2, b3 are fit values [shown in Fig. 6(b)].
The volume integration of the spectral contributions from

the lower intensities of the iso-intensity shells [see Fig. 1(b)]
gives a total Q signal:

QXBP(I) = 2π

∫
∞

0
dr · r[b1(I e−4ln2·r2/τ2

R +b2)
1/2 +b3]. (19)

Figure 6(a) shows the energy-integrated and normalized
PES q(W ) (S-like lines), calculated with Φ = 0◦, I = 5×
1014 W/cm2, and different τL ranging from 5 to 25 fs. The
filled circles in Fig. 6(b) plot Q values that have been cal-
culated with different τL and the specified single intensity
I = 5× 1014 W/cm2. The solid line is linearly fitted from Q
data. With the expression of QXBP(I) [Eq. (19)], this linear line
for single laser intensity I can be modified to another linear
line QXBP(τL) = c(I)τL for volume integration, where c(I) de-
pends on I. A calculated (or measured) line QBXP(τL), which
has been calibrated with known τL pulses, can be used for the
τL measurement. Unlike YL in the ATI case, Q(I) [Q(τL)]
increases to 34.7 eV (140 eV) when I (τL) changes from
I = 1012 W/cm2 to 2×1015 W/cm2 (τL = 5 fs to 60 fs). A com-
parison between YL>15 eV = −0.0035+ 0.0039τL [Fig. 2(c)]
and Q= 0.2617+2.3285τL [in units of eV, Fig. 6(b)] indicates
that Q (XBP signal) is more sensitive to τL than YL>15 eV (ATI
signal). Calculations with different I, τL, and Φ give similar
results, as shown in Figs. 6(a) and 6(b).
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Figures 6(c) and 6(d) show the data corresponding to the
total XBP productions YX calculated with different laser pulse
durations τL and intensities I, respectively. The solid lines are
linearly fitted from the data. We see that YX remains almost
unchanged as τL or I varies in broad ranges. Calculations with
different CEP Φ values give similar results as those shown in
Figs. 6(c) and 6(d).

5. Conclusion
The proposed methods open a new window for observ-

ing and using ultrahigh lasers. The laser pulse in XBP acts
as an electron energy modulator. The total photoionization

yield YX linearly depends on the X-ray intensity IX . The dou-
ble integration Q is sensitive to the laser intensity I and pulse
duration τL but does not change as the CEP Φ changes. The
in-situ measurement of an intense laser pulse can be achieved
with high accuracy, at broad ranges (up to many intensity
orders), and with a simplified algorithm to extract the pulse
information from a measured PES. I and Φ can be deter-
mined from the PES cut-off energy Wb, τL can be determined
from a calibrated line QXBP(τL) = c(I)τL, and time t and F(t)
can be determined from relatively high peak positions of a
measured PES. Although the calculations are performed with
I < 1016 W/cm2, the method can work with higher laser in-
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tensities (I > 1016 W/cm2) by using high energy X-rays and
highly charged inert gases. The proposed measurement con-
figuration and physical results have referential meanings for
further research with laser intensities less than 1012 W/cm2

and higher than 1018 W/cm2 where Lorentz force plays an im-
portant role on the photoelectron motion.
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[13] Itatani J, Quéré F, Yudin G L, Ivanov M Y, Krausz F and Corkum P B

2002 Phys. Rev. Lett. 88 173903
[14] Bandrauk A D, Chelkowski S and Shon N H 2002 Phys. Rev. Lett. 89

283903
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