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Effect of the carrier-envelope phase of the driving laser field on the high-order
harmonic attosecond pulse

Zhinan Zeng, Ruxin Li, Wei Yu, and Zhizhan Xu
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The effect of the carrier-envelope phase of a few-cycle driving laser field on the generation and measurement
of high-order harmonic attosecond pulses is investigated theoretically. We find that the position of the gener-
ated attosecond soft-x-ray pulse in the cutoff region is locked to the oscillation of the driving laser field, but not
to the envelope of the laser pulse. This property ensures the success of the width measurement of an attosecond
soft-x-ray pulse based on the cross correlation between the attosecond pulse and its driving laser pulse@M.
Hentschelet al., Nature~London! 414, 509 ~2001!#. However, there still exists a timing jitter of the order of
tens of attoseconds between the attosecond pulse and its driving laser field. We also propose a method to detect
the carrier-envelope phase of the driving laser field by measuring the spatial distribution of the photoelectrons
induced by the attosecond soft-x-ray pulse and its driving laser pulse.
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I. INTRODUCTION

In the physical picture of high-order harmonic generat
~HHG! @1#, a laser driven electron first escapes from t
atomic core by tunneling through the Coulomb barrier. On
free, it oscillates freely in the laser field. When it is drive
back to the core, it recombines with the core and emit
harmonic photon. With a many-cycle laser pulse, the ma
mum kinetic energy gained by the electron is 3.17Up , where
Up is the quiver energy of the free electron in the oscillati
field. This defines the highest energy of the harmonic sp
trum asI p13.17Up , whereI p is the ionization potential. Bu
for harmonic generation using a few-cycle laser pulse,
situation can be different, e.g., no explicit cutoff and t
appearance of harmonic intensity fluctuations@2#, because
the laser pulse is too short and the carrier-envelope phas@3#
becomes a very important parameter.

The phase sensitivity of the high-order harmonics for v
short driving laser pulses has been investigated theoretic
in recent years@2,4#. For a few-cycle laser pulse, the carrie
envelope phase will greatly affect the HHG in the cuto
region. In Ref.@2#, the authors considered whether the h
monics in the cutoff are resolved or not, and the differe
periodicity of the spectrum with a carrier-envelope phase
0 andp/2. The intensity of the harmonics in the cutoff wi
also be affected by the carrier-envelope phase. In the in
tigation of the time profile of the harmonics, the authors
Ref. @2# found that there is a timing jitter among the attose
ond pulses generated by laser pulses with different car
envelope phases. In Ref.@4#, which investigated the phas
sensitivity by considering the propagation effect, the auth
also suggest that the timing jitter and the intensity fluct
tions introduced by the phase sensitivity will present a sev
limitation in attosecond measurements.

The generation of ultrashort pulses is a key to explor
the dynamic behavior of matter on ever shorter time sca
For example, several fundamental atomic processes, suc
inner-shell electronic relaxation or ionization by optical tu
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neling, take place within a fraction of the oscillation perio
of visible or near-infrared radiation, which require very sho
probes for diagnostics. Many methods have been propo
for generating attosecond pulses. Farkas and Toth first
posed a method to generate attosecond pulses based on
rier synthesis of laser induced multiple harmonics@5#. Ra-
man processing has also been used to generate ultra
pulses@6#. Belenovet al. analyzed the dynamics of an in
tense ultrashort pulse in a Raman-active medium. T
found some additional nonlinear effects when the pulse
ration is short in comparsion with the timeV21, where
\V5E22E1 is the energy difference between the leve
participating in the Raman scattering. Yoshikawa a
Imasaka proposed an approach to generate short puls
terawatt levels based on a two-color stimulated Raman ef
using a simple optical system. Harris and Sokolov sugges
a technique for producing subfemtosecond pulses base
using electromagnetically induced transparency. Naza
et al. observed a highly efficient transformation of laser r
diation into higher-order Stokes and anti-Stokes compone
in impulsively vibrationally excited gaseous SF6. They pro-
posed a regime of Raman frequency conversion for gen
tion of subtemrosecond pulses. Kaplan proposed an appr
based on multifrequency cascaded stimulated Raman sca
ing to generate subfemtosecond pulses. A Raman-active
terial can support solitons consisting of the pump laser w
and many Stokes and anti-Stokes components whose co
ent interference gives rise to trains of ultrashort puls
Zhavoronkov and Korn generated pulses with durations
low 4 fs using the method of ultrafast molecular pha
modulation with previously impulsively excited Rama
active gases. Bartelset al. demonstrated experimentally tha
using impulsively excited rotational wave packets in CO2,
the bandwidth of a probe pulse is increased by a factor o
Ivanov and Gorkum put forward a scheme to generate sin
subfemtosecond pulses by using a laser pulse with ti
dependent ellipticity@7#. High-order harmonic emission i
extremely sensitive to the polarization of the incident light
©2003 The American Physical Society15-1
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FIG. 1. The time profile of the attosecon
pulses generated by a laser pulse of 7 fs, 800 n
and 3.5131014W/cm2 with different carrier-
envelope phases. The atom considered is heliu
The photon energy of the soft-x-ray pulse is b
tween 94 eV and 100 eV. Each attosecond pu
is produced by one half cycle near the peak of t
envelope. Inset:uE(t)u of the driving laser field.
It shows that each half cycle is shifted along th
temporal axis when the carrier-envelope phase
changed.
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time-dependent ellipticity allows us to control the electr
trajectories and produces emission only over a brief ti
interval. Antoineet al. also investigated the attosecond pu
trains produced by high-order harmonics theoretically@7#.
They chose one of the trajectories of the electron by
propagation effect which leads to a train of pulses of
tremely short duration. The method proposed by Chris
et al. is more practical and convenient for generating attos
ond pulses@8#. High-order harmonics were produced first b
using few-cycle laser pulses and then a simple broadb
x-ray filter was used to select some harmonics so the atto
ond pulse could be obtaind. Recently, there has been m
progress on the experiment and theory of attosecond p
generation and measurement@9,10#.

Very recently a soft-x-ray pulse of the duration of 65
6150 as has been generated and measured@9#. With this
attosecond pulse, the authors traced the electronic dyna
with a time resolution of<150 as. In the experiment, the
also observed an attosecond synchronism of the soft-x
pulse with the carrier wave of the few-cycle driving las
They speculated that the observed attosecond timing stab
of the subfemtosecond x-ray pulse to its few-cycle drive
due either to a robustness of the high-harmonic genera
process against variation of the carrier-envelope phase o
driving laser, or to a substantially reduced x-ray yield f
values of the phase other than the optimum@9#. They be-
lieved that the latter cause is more reasonable and asc
their experimental results to this possibility.

We have reinvestigated the effect of the carrier-envel
phase of the few-cycle driving laser field on the generat
and measurement of high-order harmonic attosecond pu
It was found that the position of the generated attosec
soft-x-ray pulse is locked to the oscillation of the drivin
laser field, but not to the envelope. This property ensures
success of the width measurement of an attosecond so
ray pulse based on the cross-correlation method@9#. How-
ever, there still exists a timing jitter of the order of tens
attoseconds between the attosecond pulse and its drivin
ser field. We also propose a method to detect the car
envelope phase of the driving laser field by measuring
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spatial distribution of the photoelectrons induced by the
tosecond soft-x-ray pulse and the driving laser field.

II. EFFECT OF THE CARRIER-ENVELOPE PHASE
ON HHG

The approach of the investigation in this paper is simi
to that in Ref.@2#. We calculated the dipole acceleration b
numerically solving the time-dependent Schro¨dinger equa-
tion ~TDSE!. The laser pulse in the calculation is describ
by E(t)5E0(t)cos(vLt1wL), wherevL is the frequency of
the laser field,wL the carrier-envelope phase, andE0(t)
5E0e2t2/t2

denotes the envelope of the laser pulse, wh
E0 is the peak amplitude of the laser pulse andA2ln2t is its
duration. The wavelength of the laser pulse is 800 nm. T
dipole acceleration is then Fourier transformed to get
spectrum, and a time-frequency analysis~the Gabor analysis
@11#! then reveals the time profile of the harmonics.

In Fig. 1, we show the time profiles of attosecond puls
for different carrier-envelope phases, obtained with a la
pulse whose duration is 7 fs and peak intensity is 3
31014 W/cm2. The atom considered is helium, whose io
ization potential is 0.8996 a.u.~about 24.5 eV!. The energy
of the soft-x-ray pulse is between 94 eV and 100 eV, which
slightly above the cutoff defined byI p13.17Up . We chose
this energy for analysis because the shape of the attose
pulse at this energy is relatively simple and can thus simp
our analysis without losing the physical point to be discus
in this work. First, we can see the same results as show
Fig. 2 of Ref. @2#, that there is a single pulse emission f
wL50, whereas forwL5p/2 the harmonics is emitted twice
From these two cases, we can see the timing jitter and
harmonic intensity fluctuations as discussed in previous w
@2,4#.

Comparing Fig. 1 with its inset which showsuE(t)u of the
driving laser field, we can see the intrinsic reason that e
soft-x-ray pulse comes from one half cycle of the laser
cillation. When the carrier-envelope phase of the laser pu
is changed, the time position of each half cycle is shifted.
5-2
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EFFECT OF THE CARRIER-ENVELOPE PHASE OF THE . . . PHYSICAL REVIEW A 67, 013815 ~2003!
the position of the attosecond pulse is also shifted and loc
to the laser oscillation. There is a very small timing jitt
between the attosecond pulse and the laser oscillation
Figs. 2~a! and 2~b!, we show the absolute position of th
attosecond soft-x-ray pulse and the relative position betw

FIG. 2. The position of the attosecond pulse as a function of
carrier-envelope phase whose time profile is shown in Fig. 1.~a!
The absolute position of the attosecond pulse as a function of
carrier-envelope phase. The shift is almost synchronous. Herewx

denotes the position of the attosecond pulse. If the attosecond p
is generated at the envelope peak of the laser pulse, thenwx50. ~b!
The relative position of the attosecond pulse with respect to
laser oscillation as a function of a carrier-envelope phase, obta
by solving the TDSE.~c! The relative position of the attosecon
pulse with respect to the laser oscillation as a function of
carrier-envelope phase, calculated with Corkum’s model. O
circles and solid squares are for the 5 fs and the 7 fs driving la
pulses, respectively.
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the attosecond pulse and the laser oscillation as a functio
the carrier-envelope phase. From Fig. 2~b! we can see tha
the variation of the relative position with different carrie
envelope phase is very small, which means that the atto
ond pulse is always generated at almost the same positio
each half cycle of the laser pulse. The variation of the re
tive position~for 7 fs! is less than 0.018TL (TL is the laser
period!, or about 48 as. This result provides a good expla
tion for the experiment reported in Ref.@8#. Although the
synchronism of the soft-x-ray pulse with the carrier wave
the few-cycle driving laser pulse permits a cross-correlat
measurement, if we cannot control the carrier-envelo
phase of the laser pulse, the randomness of the car
envelope phase will still limit the attosecond measurem
when it is less than 100 as due to the timing jitter, which is
much as 48 as. For comparison, the timing jitter for the 5
driving pulse shown in Fig. 2~b! is about 0.03TL , which is
larger than the timing jitter of the 7 fs laser pulse.

The origin of the timing jitter can be obtained by Co
kum’s model@1#. After tunneling, the electron motion is con
trolled by the equations

dv
dt

5
eE~ t !

me
, ~1a!

dx

dt
5v. ~1b!

WhenE(t) is a planar laser field~just a cosine function!,
the electron motion also has a period ofTL . But for a short
laser pulse the trajectory of the electron motion is affected
the envelope of the laser pulse, e.g., in one half cycle,
electron with some kinetic energy has a trajectoryl 1 and a
free motion timet1; then in the next half cycle, the electro
with the same kinetic energy has a trajectoryl 2 and a free
motion time t2. Because of the envelope of the laser pu
E0(t), there is a difference betweent1 and t2, which is the
origin of the timing jitter. For laser pulses with differen
carrier-envelope phases, the half-cycle oscillations have
ferent time positions with respect to the peak of the en
lope. Electrons with the same kinetic energy have differ
trajectories and free motion times, which results in the ti
ing jitter of the attosecond pulses. A calculation based
Corkum’s model indicates that the timing jitter@as shown in
Fig. 2~c!# has a similar result to that from the TDSE@as
shown in Fig. 2~b!#, and the timing jitter is about 0.03TL for
the 7 fs pulse and 0.04TL for the 5 fs pulse when the carrier
envelope phase changes from 0 top. The shorter the dura
tion of the laser pulse, the larger the timing jitter, becau
when the duration of the laser pulse is shorter, the slope
the envelope]E0(t)/]t is larger and the difference of th
free motion time of two adjacent half-cycle oscillations
larger. When the carrier-envelope phase is larger,wL2wx in
Fig. 2~b! and 2~c! is less and the timing jitter is larger. Bu
when the carrier-envelope phase is large, the position of
attosecond pulse is far from the peak of the envelope and
intensity of the attosecond pulse becomes very small fo
short laser pulse, which has no practical significance.
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From Fig. 1 we can also see that the relative intensity
the two adjacent soft-x-ray pulses changes with the carr
envelope phase. Figure 3 shows the intensity ratio of
adjacent soft-x-ray pulses generated around the enve
peak of the laser pulse. The logarithms of the intensity ra
are linear for different carrier-envelope phases, which me
that the effect of the carrier-envelope phase on the inten
ratio is exponential. WhenwL50, the intensity ratio of two
adjacent attosecond pulses is very large~more than 10 for 7
fs pulse as shown in the figure!. So it appears that there i
only one pulse emission in the time profile. WhenwL
5p/2, the intensity ratio of two adjacent attosecond pul
is near unity, and two pulses in the time profile appear.

The relation between the absolute intensity of the attos
ond pulse and the carrier-envelope phase is very com
and it is very difficult to deduce an analytical result. B
when the attosecond pulse is produced around the pea
the envelope, we can perform a simple analysis for the r
tive intensity of the two adjacent attosecond pulses. O
analysis is based on tunnel ionization, which is the first s
of HHG, because in the following steps the motion of t
electron is almost the same which will not affect the ra
greatly.~As mentioned above, the difference of the free m
tion time t1 and t2 is of the order of attoseconds, which
much less than the free motion time of 2/3TL . This means
that the difference of two corresponding trajectories is v
small.! The tunnel ionization of a hydrogenlike atom in
linearly polarized electric field is given by the Ammoso
Delone-Krainov theory@12# as follows:

w~E!5
v0

2
Cn* l*

2 I i

2I h

~2l 11!~ l 1umu!!

2umu~ umu!! ~ l 2umu!!

3F2S I i

I h
D 3/2 Eh

uEuG
2n* 2umu21

expF2
2

3 S I i

I h
D 3/2 Eh

uEuG .
~2!

FIG. 3. The intensity ratio of two adjacent attosecond pul
around the envelope peak of the laser pulse. It shows that th
tensity ratio is an exponential function of the carrier-envelo
phase. Open circles and solid squares are for the 5 fs and the
driving laser pulses, respectively.
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For two adjacent attosecond pulses produced around
peak of the envelope~in our calculation, this is defined ast
50),

I 1 /I 2}w~E1!/w~E2!}expF2
2

3 S I i

I h
D 3/2S Eh

uE1u
2

Eh

uE2u D G .
~3!

Here I i is the ionization potential of the atom andI h is the
ionization potential of hydrogen~about 13.6eV).E1 andE2
are the amplitudes of the laser electric fields.I 1 and I 2 are
the intensities of two adjacent attosecond pulses. With
~3! we can easily see that the intensity ratio is

I 1 /I 2}expF2
2

3 S I i

I h
D 3/2

3Eh

uE0~ t1TL/2!cos~f!u2uE0~ t !cos~f!u
uE0~ t1TL/2!cos~f!E0~ t !cos~f!u G

}expF2
2

3 S I i

I h
D 3/2

Eh

1

E0~ t1TL/2!ucos~f!u

3~et2/t22(t1TL/2)2/t2
21!G , ~4!

where t is the ionization time of the electron for the firs
attosecond pulse andf is the phase of the electric field whe
the electron is ionized. When the carrier-envelope phas
changed, Eq.~4! can be written as

I 1 /I 2}expF2
2

3 S I i

I h
D 3/2

Eh

1

E0@~f2wL!/vL1TL/2#ucos~f!u

3~e2[(f2wL)TL /vL1TL
2/4]/t2

21!G
}expF2

3 S I i

I h
D 3/2 Eh

E0@~f2wL!/vL1TL/2#ucos~f!u

3@~f2wL!TL /vL1TL
2/4#/t2G . ~5!

In Eq. ~5! we useex21'x if x,,1, because around th
peak of the envelope of the laser pulset is very small com-
pared tot. So the change of the intensity ratio with th
carrier-envelope phase can be expressed as an expon
function. From Eq.~5! we can also see that, when the dur
tion of the laser pulse is shorter, the intensity ratio is larg
~as shown in Fig. 3!.

III. A SCHEME TO DETECT THE CARRIER-ENVELOPE
PHASE

Since the relative intensity of two adjacent soft-x-r
pulses changes with the carrier-envelope phase, so if we
duce free electrons using these two adjacent soft-x-
pulses, the relative yield of the photoelectrons will be d
cided by the relative intensity of the attosecond pulses
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EFFECT OF THE CARRIER-ENVELOPE PHASE OF THE . . . PHYSICAL REVIEW A 67, 013815 ~2003!
also by the carrier-envelope phase of the laser pulse. B
on this fact we propose a method to measure the car
envelope phase of the laser pulse. After the electron is
free by an x-ray photon, its motion is governed by the la
field. We can relate the final valuev i , f and the initial value
v i ,i of the velocity component parallel to the laser polariz
tion with the equationv i , f5A4Up(td)/msin(vLtd1wL)1vi,i
@8#. (vL andwL are defined above.Up(t), td , andm are the
ponderomotive energy, the time at which the electron is
free, and the electron mass, respectively, as in Ref.@8#.! Be-
cause the time interval between two adjacent soft-x-
pulses isTL/2, the electrons produced by these two adjac
attosecond pulses acquire velocity components in oppo
directions, e.g., if the final electron velocity for the first pul
is VW 15VW 1VW 1i , the final electron velocity for the second on
will be almostVW 252VW 1VW 1i , because the time interval i
TL/2 ~corresponding top) and dE0(t)/dt!E0(t)vL , even
for a 7 fs pulse @8#. Here VW 1i is the initial velocity of the
photonelectron andVW denotes the velocity component a
quired from the driving laser field. They have the same
ergy distribution after moving in the laser field, but differe
spatial distribution.

The scheme is shown in Fig. 4~a!; it is similar to the
scheme in Ref.@8# except that a microchannel plate~MCP! is
used here to record the density distribution of the electr
instead of a kinetic energy spectrometer. First, the 7 fs p
interacts with a gas jet to produce a train of pulses in
extreme ultraviolet and soft-x-ray spectral range. Then a
ter is used to obtain the attosecond x-ray pulse, which wil
used to ionize another gas, e.g., a Kr target. The electron
set free at different instants by x-ray photons with differe
angle distributions in the presence of a laser field@8#. We
found that these electrons will come out with different dire
tions, although they have the same energy distribution.

In the calculation, we chose electrons with initial kine
energy between 74 eV and 80 eV.~The initial kinetic energy
of the free electron is decided byW05mv i

2/25\vx2Wb

@9#, whereWb is the ionization potential energy of the atom
For simplicity,Wb520 eV is chosen in the calculation.! The
laser pulse parameters are as given above. The electron
free by an x-ray photon instantaneously in an arbitrary dir
tion. The yield of photoelectrons is proportional to the inte
sity of the attosecond pulse. Then the MCP can detect
electrons with different directions, and Fig. 4~b! shows the
peak position of the electron density distribution on the M
while Fig. 4~c! shows the electron density distribution as
function of the carrier-envelope phase. TheX axis denotes
the position on the MCP in the polarization direction of t
laser field. The positionX5500, the center of the slit, an
the position where the electron is set free by the x-ray pho
are collinear. When the carrier-envelope phase changes
0 to 2p, Fig. 4~b! indicates that the peak position of th
electron density distribution oscillates around the posit
X5500 like a cosine function.

For a short laser pulse and its interaction with matter,
carrier-envelope phase is a very important parameter. In
@3#, Pauluset al. proposed a method to detect the carri
envelope phase of a short pulse which is simpler than
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scheme mentioned above. But for the generation, meas
ment, and application of an attosecond pulse, our sch
will be convenient for real-time detection of the carrie
envelope phase of the driving laser field.

We also investigated attosecond pulses with different p
ton energies in the cutoff region and different durations
the laser pulses~from 10 to 3 fs! and obtained similar results
We slightly changed the intensity of the laser field~by about

FIG. 4. ~a! The schematic of the proposed scheme to meas
the carrier-envelope phase. A microchannel plate~MCP! is used to
detect the spatial distribution of the photonelectrons. The electro
ionized by the soft-x-ray pulse. After moving in the laser field, t
electrons generated by two adjacent soft-x-ray pulses obtain ve
ity components in opposite directions from the laser field beca
the time interval of the two attosecond pulse isTL/2. The electron
density distribution can be recorded by the MCP and then
carrier-envelope phase can be inferred.~b! The peak position of the
electron density distribution as a function of the carrier-envelo
phase of the laser pulse.~c! One-dimensional simulation for the
electron density distribution on the MCP.
5-5
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20) and also obtained similar results. In our calculation,
propagation effect was not taken into account.

IV. CONCLUSIONS

In conclusion, we performed a detailed analysis of
phase sensitivity of high-order harmonic generation usin
few-cycle pulse. We found that the position of the attoseco
soft-x-ray pulse is locked to the laser oscillation with a tim
ing jitter of less than 48 as, which gives a good explanat
for the experimental results reported in Ref.@9#. The ran-
01381
e

e
a
d

n

domness of the carrier-envelope phase will still limit the
tosecond measurement~although it is less than 100 as! if we
cannot control the carrier-envelope phase accurately. We
found that the intensity ratio of two adjacent attoseco
pulses changes with the carrier-envelope phase as an e
nential function. Based on the change of the intensity ratio
two adjacent soft-x-ray pulses with the carrier-envelo
phase, we proposed a method to measure the car
envelope phase of a driving laser field by measuring the s
tial distribution of the photoelectrons induced by an attos
ond soft-x-ray pulse and its driving laser pulse.
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