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Using numerical solutions of the three-dimensional time-dependent @obey equation TDSE) for the
hydrogen atom in an intense, ultrashort, i.e., few-cycle, linearly polarized laser pulse, we demonstrate that
ionization yields measured in the forward direction<{(6<<15 °) depend stronglyby a factor of 2 on the
carrier phase, leading to considerable directidf@ward or backwargdphotoelectron asymmetries along the
laser polarization vector. This effect vanishes for pulses comprising more than 15 cycles. The phase depen-
dence of photoelectron asymmetry is intensity-dependent: the strongest asymmetry is found in the intermediate
multiphoton-tunneling regime, where asymmetry originates from the Coulomb attraction after tunneling. The
character of asymmetry drastically changes when an electron ionizes in the barrier-suppression regime. A
measurement method of the absolute phase and width, based on this directional effect, is proposed for linearly
polarized ultrashort laser pulses pulses.
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During the past decade, considerable progress has beemperimentally the absolute phase and duration of a few-
made in laser technology, allowing to shape and control in€ycle laser pulse. In other words, we show that the absolute
tense laser pulses consisting only of a few optical cycles, i.ephase determines whether more electrons are emitted to one
a few femtosesecondé]. The electric field envelope of such or the other side of an atortalong the laser polarization
pulses varies significantly during one cycle, which mayvectop, as already suggested[ifil]. Recently, the possibility
cause such pulses interacting with matter to induce physicalf measuring this phase from angular distributions of pho-
phenomena depending on the absolute carrier phase, lglectrons, for circularly polarized laser pulses, was investi-
which we mean the phase of carrier frequency with respect tgated both theoreticalljusing a quasistatic tunneling mogel
the pulse envelope. For long pulses, the absolute phase of thg]) and experimentally{11]. The theoretical analysif9]
pulse does not induce any measurable effect; in particulabased on a quasistatic tunneling model led to the conclusion
the angular photoelectron distributioh66) are symmetric, that there exists a very simple relation between the electron
i.e., f(9)=f(7— 0) (whered is the angle between the pho- angular distributions and the absolute carrier phase for circu-
toelectron momentum and the laser polarization vectme-  larly polarized light, whereas the absolute phase measure-
cause of the inversion symmetry of the monochromatic elecment using the linearly polarized light was predicted to be
tric field and of the atom. Considerable variation of the fieldmore difficult[9,11]. Our study indeed confirms that phase-
envelope during one cycle and the nonlinear response of thdependent asymmetries depend on the intensity regime and
atom may lead to an asymmetry in space of the photoelemn the pulse width, nevertheless we find the intensity regime
trons, thus this asymmetry may become a measurable signar which the absolute phase effects yield a very clear signa-
ture of the absolute phase of the ultrashort laser pulse. Sudhre in photoionization.
spatial phototelectron asymmetries for long two-colar ( In this paper we report a detailed study of phase-induced
+2w) pulses, depending on the relative phase between thepatial asymmetries for few-cycle, linearly polarized laser
two colors, were extensively studied earli@-7]. In par-  pulses interacting with a hydrogen atom. We solve numeri-
ticular, in[6] the importance of the addition of the Coulomb cally the three-dimensional TDSE for a hydrogen atom inter-
potential in electron dynamics after tunneling was emphaacting with an intense few cycle laser pulse. We calculate the
sized. So far, to our knowledge, such spatiarward or  probability of detecting the photoelectron by measuring the
backward photoelectron asymmetries induced by the absoelectron signal in the forwardé&=0 °) and backward §
lute phase of a single frequency but a few-cycle, linearly=180 °) directions along the laser polarization. We find that
polarized laser pulse have not yet been investigated with ththe yield measured in a specific direction along the polariza-
help of numerical solutions of the time-dependent Schrotion vector varies significantly as a function of the absolute
dinger equatio{TDSE). It has been found that total ioniza- carrier phase. For example, at a laser intendity8
tion rates are very slightlya few percentdependent on the X 10 W/cn? (A=800 nm) we observe that if detectors
absolute phasfl,8]. Recent results based on numerical so-measure electrons in narrow polar angle intervals, e.g.,
lution of the TDSE show the strong sensitivity of the har-0°-15°, the signal can drop by a factor 2, reaching its maxi-
monic spectra to the absolute phase of the 1486f. We  mum at the laser phaseé=w/4 and its minimum at¢
show in the present study that ionization rates measured ig57/4. In other words, if the two detectors placed in oppo-
one spatial directiorie.g., for 0<6<15°) show also con- site directions along the laser polarization vector measure the
siderable sensitivity on the absolute phase, leading to a largphotoelectrons from a single shot, the forward-backward sig-
forward- to backward-signal ratidalong the polarization nal ratio can be equal to 2 for a few-cycle pulse, whereas it
vector of a linearly polarized laser figldor certain laser should be equal to 1 for long pulses. The above laser inten-
phase values, which can be exploited in order to determinsity, for which this ratio is so high, is slightly below the
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Keldysh-tunneling regimgl]. We find that different, strong
asymmetries also appear in the higher, barrier-suppression
intensity regime. We believe that the above phase sensitivi-
ties of directional photoelectron emission can be used for
experimental determination of the absolute carrier phase of a
linearly polarized laser pulse.
More specifically, we solve the TDSE, using cylindrical
coordinates and atomic unitse., e=f=m,=1),
9 1[d # 14
IE‘P(Z,p,t)— E P-f-a—pz-i-;%)

—(p?+ %) Y2+ zE(1) P, (1)

E()/E, and et)/E,

0 1 2 3 4 0 1 2 3 4
which describes the interaction of a hydrogen atom with a time (cycles) 1 cycle = 2.67 fs
linearly polarized laser fiel&E(t) along thez axis. The nu-
merical method we used was described eaftlé. Our in- FIG. 1. Electric fieldE(t)/E, (solid) and its envelope(t)/E,

(dotted as a function of time in cycles for absolute phades:¢
=0; (b) ¢==/4; (c) ¢=ml2; (d) ¢=m. The wavelength\
=800 nm and the intensity profile half-width ig=3.9 fs.

tegration grid was defined bjz|<z,.x and 0<p<pmax:
with z,,,,=256 bohr ang,,,= 128 bohr. We used the spa-
tial stepsdz=dp=0.25 bohr and the integration step in
time was 0.03 a.&=7x10 ! s. In order to avoid the re- P_,180- 6,< <180 ° (we usedd,=15° or ,=30°), we
flections of the wave packet from the boundaries, the wavgerformed the following integration of the probability flux

function was absorbed &|>240 bohr andp>112 bohr.  near the absorbing boundaries during the simulation,
We used the electric fiel#(t) defined via the vector poten-

. . tf g tan(fo)
tial A(t)=—ceg(t)siMw(t—ty)+ ¢l w, P+:277J dtf dp pjzo,p,1),
0 0
190
E(t)=— EEA(t):go(t)cos{w(t_tM)"'¢]+Ecorv t 2gtan(do) .
2 P*:_wao dtf0 dp pid=20.p.1), (4
wherety, =t,,/2, and where
J
— i _ _ J
Ecor_SIF[w(t tM)+¢](9t 80(t)/w jZ(Z,p,t):R%—iqf*(z,p,t)EW(Z,p,t) (5)

comes from the derivative of the envelope of the vector poig the probability current along theaxis and we have chosen
tential A. E¢qr is small near the pulse maximum and is neg-z —z . /2—128 hohr. This choice ensures that the Cou-
ligible for long pulses. We used the envelopg(t) in the  |omp force is negligible at such a large distance; in addition,
following form: we havezy>E,/w?. The last condition ensures that a clas-

go(t)=Eqsim(mt/ty), 0<t<t, (3)  sical electron which reaches the distarzeez, after tunnel-

ing through the barrier will not return to the proton. We

with t,y=4 cycles=10.6 fs of the 800 nm, Ti:sapphire la- checked that, is small enough to ensure that our “detector”
ser pulse. The pulses with an envelope described by3q. placed atz=z, measures the total flux during our simulation
have a half-width of the intensity profile full width at half time (largerz, would require larger simulation timgsThus
maximum 7, =2 arccos(2“)t,/m=0.364,;, 7,=3.9 fs P, andP_ are proportional to the yields of detectors placed
for pulses shown in Fig. 1. For few-cycle pulses, we do nofat the right and left side of the atom along thaxis, which
useE(t) represented as an arbitrary electric field envelopeapture all electrons ionizing in directions<®< 6, and
times a trigonometric function since this may lead to a non-180 °— #,< §<180°. For long pulses, because of inversion
vanishing potentiaA(t) at the end of the pulspwhich is  symmetry of the monochromatic electric field, yields of pho-
equal to the area under tiigt) function|. By contrast, our telectrons emitted in opposite directions are equal, i.e.,
definition, Eq.(2), of E(t) via A(t) (which has an arbitrary P, /P_=1. Thus we expect the rati®, /P_ [or (P,
envelopg guarantees thak(0)=A(t,) =E(0)=E(t,(y=0. —P_)/(P,+P_)] to be an efficient measure of absolute
Figure 1 illustrates our definition of the absolute phase phase effects, which break this forward-backward symmetry
Eq. (2): for ¢=0, maxima of field and envelope coincide when ultrashort pulses are used. We show in Figa). 4nd
[Fig. (@)]; for ¢=/2, the maximum of the envelope coin- 1(d) the most asymmetric electric field fegy=0 and¢p= .
cides with the zero of the fielfiFig. 1(c)]; finally, for ¢ Because of the nonlinear character of atomic ionization in
=, the maximum of the envelope occurs when the fieldthe long-wavelength regime, we expect strong directional ef-
reaches a minimum, Fig(d). The numerical simulation was fects for such an asymmetric field since the probability of
performed until the final tima=t;=10 cycles. Since we tunneling (or via overbarrier ionizationjust a half-cycle
were interested in ionization signals measured in narrovaway from a maximum is considerably smaller than that at
angles in forward P, ,0<0<6y) and backward directions the envelope maximum. Indeed, FigaRshows that in the

061802-2



SENSITIVITY OF SPATIAL PHOTOELECTRON.. ..

7X10"

221 6 ‘el 15° ' 0 '(a)'
2.0 <0< ¢= y
1.8 1
o 161
~, 1.4
& 2] /N
104 0<6<30°
0.8
0.6 T
5X10" 10" 2x10™
1.8 — — v v —
] o=n/2 (b)]
1.6 T o .
0<8<30
D_'1_4_ ]
-
.
o o
10l 0<6<15 |
1 =15 =12 1.0
1.04 E
|/

T
5x10° 10" 2xqo™

intensity ( W/em?)

7X10"

FIG. 2. Forward-backward probability ratids, /P_ as func-
tions of the laser intensity for (a) the absolute phas¢=0, see
E(t) in Fig. 1(@), and for(b) ¢= /2, seeE(t) in Fig. 1(c).

low-intensity regime (<10“* W/cn¥?), the P, /P_ ratio
can even exceed 2, wheread at4 x 10'* this asymmetry is
reversed. This change is related to the fact that Egr
>15/4 (or at1>1.4x10" W/cn?), wherel, is the atom’s
ionization potential (,=0.5 hartree for hydrogenthe bar-

rier is suppressed at the field maxim(ig}, whereas at lower

P+1

P_ as functions of phasé in both regimes in Fig. 3:

|=8.0x10" W/cn? (a) and |=6.0x10" W/cn? (b).
These plots can be easily extended for phasesr/2 with
the help of the relation®, (¢p+m7)=P_(¢) and P_(¢

+m)=P,(¢), which follow from the inversion symmetry

of the atom and from the properfy(t,¢+ 7)=—E(t, ).

We note that for the

X 101 W/cn?,

laser

intensity | =8.0
P, has a broad maximum aroune

= /4 ,with P, /P _ considerably greater than 1 fgr rang-
ing from 0 to /2, whereas at higher intensities, Figh3
P, /P_ is less than 1 foip=0 and close to 1 fokp= /2.

The lower intensityfFig. 3@ ] corresponds to the intermedi-
regime,

ate multiphoton-tunneling

since

at=8.0

X 10" W/cn? the Keldysh parametery=w(21,)Y%E,
(wherel, is the atom’s ionization potentiais equal to 1.19,
i.e., one needs higher intensitids> 1.14x 10'* W/cn?, in

order to get to the tunneling regime. We interpret these asym-

metries using the tunneling ionization mod&lith correc-
tions resulting from Coulomb attraction of the electron, after

tunneling[6]) at lower intensities, or the barrier suppression

picture at higher intensities. In the latter case, Fidp)3the
observed asymmetry is very natural, since gor 0 the field
is strongest in the positive direction of tlzeaxis, [see Fig.
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FIG. 3. ForwardP, (A) and backward [J)P_ probabilities
as functions of the absolute phagefor laser intensity(a) | =8
x 10" W/en? and (b) | =6x 10" Wicn?.

tially go overbarrier backwar¢towards a negative value
and will never return if its initial energy at the moment of
leaving the barrier is sufficiently high. By contrast, fer
=1/2 the electric fieldE(t) is antisymmetric around the
envelope peak and therefore symmetric overbarrier emission
should occur, as seen in Fig(l2. For higher intensities,
however, this symmetry will be lost since the probability of
intensity the tunneling mechanism predominates. Such a rdenization during a half-cycle is close to 1, causing consid-
versal of asymmetry has been previously noted in two-coloerable depletion of the initial-state population during the
ionization [6]. We display separately the probabilities half-cycle at which the field is negative. Similarly, intuitive
asymmetry in the overbarrier regime fér=0 will be altered

at 1>6x10" W/cn? because of the depleted initial-state
population during the rise of the pulse.

In the lower-intensity range)<2x 10 Wicn?, the
electron ionizes via tunneling, leading to counterintuitive
asymmetries similar to those occurring for two-color laser
pulses discussed by us earljéf. We explain these asymme-
tries using a two-step ionization modgt,6], in which the
electron first tunnels instantaneouslyt att, through the bar-
rier and, in the second step, moves as a classical particle
driven by the force— E(t) —dV/dz [whereV(z,p) is the
Coulomb potentid| with the initial velocityv(tg) =0. As in
[6], for ¢=m/2 we obtain more forwardR ) electrons by
neglecting the Coulomb potentidl. in the Newton equation
of motion and solving it analytically. We thus get

1
Vg=— EA(to):

£(tp)
w

j— l ! ! !
z(t)=1z(tp) + ELOA(t ydt' + (t—tg)vyg,

(6)

sifo(tg—ty)+ ¢],

where z(ty) is the point at which the electron leaves the
1(a)] and thus a negatively charged electron will preferen-barrier. This results means that the sigrugfdetermines the
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1.647 ' : : : : 3 the barrier-suppression regime. Finally, let us note that the
0<6<15°  1=8x10" Wrcm?] pulse durationr,=3.9 fs, chosen in our paper, is slightly
_ =0 shorter than that currently used in experimdifs however,
1493 T going belowr,=4.5 fs seems feasible3]. Therefore, we
o . performed a series of simulations for longer pulses and we
~ 12 no asymmetry (long pulse) | display the results in Fig. 4. We note that the asymmetry falls
A off rapidly as a function of pulse duration. Fep=4.5 fs,
1 P./P_=1.17 atl=8x10" W/cn? and it becomes much
1.0 \f /\\v — larger at lower intensity,l=5x10' W/cn?, when P,
\ \/ ] =/P_=1.53 for7,=4.6 fs and¢$=0. Clearly, these num-
08 0<6<30° bers suggest that measurement of the asymmetryP

A & 12 16 20 o4 ra_ltio in. the subtgnnel!ng regin(ee., for y>1.1), accompa-
T (fs) nl_ed v_v|th numerical S|mulat|_ons, can be useful for the deter-
P mination of the pulse duration and its absolute phase, e.g.,
our results suggests that just detecting large asymmetries
(P, /P_>1.5) would be a clear signature that the pulse du-
ration is shorter than 1.5 cycles. Note that asymmetries do
not fall off monotonically as a function of the pulse width
asymmetry. Forg= /2, Fig. 1c), we checked that at the 7p- The reason for this is probably the fqllowing: for the
shortest pulse, the envelope falls of so rapidly that only tun-

maximum and at the minimum d&(t) (i.e., when the tun- Y h | ; i h
neling probability is maximum the drift velocity is positive, M€Y from the puise maximum contributes, w grgasfﬁpr
=5 fs the tunneling from the two lowest pulse minima con-

v4=0.08 a.u., therefore we expect from this simple model

more electrons forwardz(>0), as seen in Fig.(d) or in Fig. tributes, and so onhfor longer pulses, '_eaf'"?g t? the os;:]illa-
2(b). For ¢=0, however, this simple model predicts sym- tions in Fig. 4. Furthermore, our numerical simulations show

metric photoemission, since;=0 at the peak of the field f[he importance of ingluding t.he CO“'O’T‘b potgntial in tunnel-
E(tg), the tunneling probability is symmetric around the !ng.mo_dels, as preymusly discussed in relation to two-.color
peak, and 4 is antisymmetric. This agrees with the results of lOnization [6].' Its_ inclusion leads to Coul_o_mb focusing,
our simulations atl =2.5x 104 Wicn?, however it dis- CEay seen in Fig. @), where at low intensities the asym-
agrees with asymmetries occurring at,lower intensities. Wénetry is much larger when measurement is done in a very

believe that the preponderance of forward electrons at Iowegarrczjw gntgle 'Pée;;/aé |('€(e)0<'rﬁ5 ' SOI'qt “L‘e than In I?
intensities for¢=0 originates from the Coulomb attraction roader intervaldotied ing. The opposite nappens in Fig.

neglected when solving the Newton equation of motion,z(b)’ ¢=m/2 (i.e., dotted line is higher than the sliavhere

which causes the electron to go in the counterintuitive direc-COU|0mb focusing is the same in both the forward and back-

; : - : ward directions. The oscillations seen in Fig. 2 are also
tion, z>0, for the case in which tunneling occurs Zt) ; o '
<0. For the case of a wo-color lass] (fo the refative ~ PIREY R 2 T R on-
phase¢p=0), the electric field is in fact similar to that in Fig. y y

1(a), and we have demonstrated[ii] by solving the com- hz_mtgt\)/v?ve packet. Clearly, Tore dlet_alled Stlfdt'els Ct)I] angbular
plete Newton equation that inclusion of the Coulomb attrac- IS ”I.u Ions are necessary 1o explain compietely the above
tion in the electron dynamics after tunneling explains quan-pecu larities.
titatively the asymmetries seen in the exact quantum We thank the Natural Sciences and Engineering Research
calculations. Summarizing, our results are in agreement witiCouncil of Canada for the financial support, and Dr. P. H.
the predictions of a simple tunneling model f¢=0 and  Bucksbaum, Dr. P. B. Corkum, and Dr. H. S. Nguyen for

¢=l2, at intensity around 2 10* and are “intuitive” in  helpful discussions.

FIG. 4. Forward-backward probability ratid®, /P_ as func-
tions of the pulse duration7, at laser intensity |=8
X 10% Wicn?, for ¢=0.
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