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Abstract: We report on calculations of the above threshold detachment of
F by a few-cycle circularly polarized laser field, discussing the effects of
both the carrier-envelope relative phase and the number of the cycle
contained in a pulse on the angular distribution of gected photoelectron.
The results are analyzed in terms of a two-step semiclassical model: after
the electrons are detached through tunnelling their motion is determined by
the electric field pulse according to the classical dynamics laws.
Anisotropies in the angular distributions of the electrons gected on the
plane perpendicular to the laser propagation direction are found that depend
on the number of cycle of the laser pulse.

©2006 Optical Society of America

OCIScodes. (020.4180) Multiphoton processes; (270.6620) Strong-field processes; (320.2550)
Femtosecond phenomena

Referencesand Links

1. Sometimesthe acronym ATD is used to indicate Above Threshold Dissociation; in the present paper, however,
ATD is meant for indicating Above Threshold Detachment.

2. P.Agostini, F. Fabre, G. Mainfray, G. Petite, and N. K. Rahman “ Free-Free Transitions Foll owing Six-Photon
lonization of Xenon Atoms, ” Phys. Rev. Lett. 42, 1127-1130 (1979).

3. H.C.Bryant, A. Mohagheghi, J. B. Donahue, C. R. Quick, R. A. Reeder, V. Yuan, C. R. Hummer, W. W.
Smith, S. Cohen, W. P. Reinhardt, and L. Overman, “ Obervation of motional-field-induced ripplesin the
photodetachment cross section of H, ” Phys. Rev. Lett. 58, 2412-2415 (1987).

4.  Rainer Reichle, Hanspeter Helm, and Igor Y u. Kiyan, “Photodetachment of H™ in a Strong Infrared Laser Field,”
Phys. Rev. Lett. 87, 243001, (2001).

5. lgor Yu. Kiyan, and Hanspeter Helm, “ Production of Energetic Electrons in the Process of Photodetachment of
F,” Phys. Rev. Lett. 90, 183001, (2003).

6. L.V.Keldysh, “lonization inthefield of a strong electromagnetic wave,” Sov. Phys. JEPT 20, 1307-1314
(1965).

7.  G.F. Gribakin, and M. Y u. Kuchiev, "Multiphoton detachment of electrons from negativeions,” Phys. Rev. A
55, 3760-3771 (1997).

8. R. Kopold and W. Becker, “Interference in high-order above-threshold ionization, ” J. Phys.B: At. Mol. Opt.
Phys. 32, L419-L424 (1999).

9. D.B. Milosevic, A. Gazibegovic-Busuladzic, and W. Becker, " Direct and rescattered electrons in above-
threshold detachment from negative ions,” Phys. Rev. A 68, 050702(R) (2003).

10. M. V. Frolov, N. L. Manakov, E. A. Pronin, and Anthony F. Starace, “ Strong field detachment of a negativeion
with non-zero angular momentum: application to F,” J. Phys. B: A. Moal. Opt. Phys. 36, L419-1.426 (2003) .

11. Boris Bergues, Y ongfeng Ni, Hanspeter Helm and Igor Y u. Kiyan, “ Experimental Study of Photodetachment in
aStrong Laser Field of Circular Polarization,” Phys. Rev. Lett. 95, 263002 (2005).

12. SveaBeiser, Michael Klaiber and Igor Y u. Kiyan, “ Photodetachment in a strong circularly polarized laser
field,” Phys. Rev. A 70, 011402 (2004).

13. D.B. Milosevic, G. G. Paulus, and W. Becker, “ Phase-Dependent Effects of a Few-Cycle Laser Pulse,” Phys.
Rev. Lett. 89, 153001 (2002); D.B. Milosevic, G. G. Paulus, and W. Becker, “ Above-Threshold | onization with
Few-Cycle Laser Pulse and the Relevance of the Absolute Phase,” Laser Physics 13, 948-958 (2003).

14. S X.Hu, and Anthony F. Starace, “ Controlling H- detachment with few-cycle pulses, “ Phys. Rev. A 68,
043407 (2003).

15. G. G. Paulus, F. Grasbon, H. Walther, P. Villoresi, M. Nisali, S. Stagira, E. Priori and S. De Silvestri, “

Absol ute-phase phenomena in photoionization with few-cycle laser pulses,” Nature 414, 182-184 (2001).

#76524 - $15.00 USD Received 27 October 2006; revised 5 December 2006; accepted 6 December 2006
(C) 2006 OSA 25 December 2006/ Vol. 14, No. 26 / OPTICS EXPRESS 12576



16. A. Baltuska, T. Udem, M. Uiberacker, M. Hentschel, E. Goulielmakis, C. Gohle, R. Holzwarth, V. S. Y akoviev,
A. Scrinzi, T. W. Hansch, and F. Krausz, “ Attosecond control of el ectronic processes by intense light fields,”
Nature 421, 611-615 (2003).

17. M. Nisoli, G. Sansone, S. Stagire, and S. De Silvestri, “ Effects of Carrier-Envel ope Phase Differences of Few-
Optical-Cycle Light Pulsesin Single-Shot High-Order-Harmonic Spectra,” Phys. Rev. Lett. 91, 213905 (2003).

18. G. G. Paulus, F. Lindner, H. Walther, A. Baltuska, E. Gouliedmakis, M. Lezius, and F. Krausz, “ Measurement
of the Phase of Few-Cycle laser Pulses,” Phys. Rev. Lett. 91, 253004 (2003).

19. G. Sansone, C. Vozzi, S. Stagira, M. Pascalini, L. Poletto, P. Villoresi, G. Tondello, S. De Silvestri, and M.
Nisoli, “ Observation of Carrir-Envelope Phase Phenomenain the Multi-Optical-Cycle Regime,” Phys. Rev.
Lett. 92, 113904 (2004).

20. G. Sansone, C. Vozzi, S. Stagira, and M. Nisoli, “Nonadiabatic quantum path analysis of high-order harmonic
generation: Role of the carrier-envelope phase on short and long pulse,” Phys. Rev. A 70, 013411 (2004).

21. S Chelkowski, and A. D. Bandrauk, “ Sensitivity of spatial photoel ectron distributions to the absol ute phase of
an ultrashort intense laser pulse,” Phys. Rev. A 65, 061802 (R) (2002).

22. P. B. Corkum, “Plasma Perspective on Strong-Field Multiphoton lonization,” Phys. Rev. Lett. 71, 1994-1997
(1993).

23. P. B. Corkum, N. H. Burnett, and F. Brunel, “ Above-Threshold |onization in the Long-Wavelength Limit,"
Phys. Rev. Lett. 62, 1259-1262 (1989).

24. A. Scrinzi, M. Yu lvanov, R. Kienberger, and D. M. Villeneuve, “ Attosecond physics,” J. Phys. B: At. Mal.
Opt. Phys. 39, R1-R37 (2006) and reference therein.

1. Introduction

Laser induced above-threshold detachment ( ATD ) of negative ions has received great
interest during past decadeq[1]. The ATD differs mainly from the above-threshold ionization
( ATl ) by the absence of the Coulomb attraction of the detached electron by the residual
atom. Since the short range nature of the interaction between the atomic core and the outer
electron, in experiments carried out for many years with negative ions use has been made of
moderately strong laser field enough to observe the nonperturbative effects found in ATI [2].
In early experiments only total detachment rate were recorded[3].

Recently, an image technique [4] has been used to measure energy and angle resolved
spectrum of electrons produced by the photodetachment of F exposed to alinearly polarized
infrared femtosecond laser pulse [5]. In this experiment the spectra exhibit modulations,
whose origin has been explained by the Keldysh theory [6]. Through a saddle point analysis
of the transition amplitude [7,8], the modulations have been interpreted as the result of
interferences of quantum paths leading to the same final state of the detached electron.
However, in order to obtain quantitative agreement between the theory and experimental
records, numerical simulations have to be performed at peak laser intensities that, generally,
result to be higher than the ones estimated [5]. This fact has also been pointed out in ref.s[9,
10], where experimental observations are compared with simulations.

Recently, the photoelectron spectrum of F has been measured by exposing the ion to a
circularly polarized infrared femtosecond laser pulse [11] containing a large number ( amost
20) of optical cycles. According to the authors of Ref. [11], the main differences observed in
the recorded spectrum, as compared to the case of linearly polarized field, is the absence of
any structure that can be associated to quantum interference effects[12].

In the present paper we study the ATD of F in the presence of a circularly polarized
few-cycle laser pulse in the framework of a Keldish-type theory extended to the case of a
short laser pulse [13-14]. In particular, we will focus our analysis on the modification of the
angular and momenta distributions of the gjected electrons caused by varying the number of
optical cycles contained in a single pulse and the envelope-carrier relative phase. The main
reason for this analysis stems from the fact that short, high-power laser pulses with duration
of few optical cycles are routinely generated and have become available as research tools
[15-20]. In fact, it has recently been reported generation of intense, few-cycle laser pulse
with a stable carrier envelope phase & that permits analysis of microscopic motion with
extreme precision [16].
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As for this kind of pulses the time variation of the laser field depends on 8, triggering and
controlling of microscopic processes, as well as their better understanding , may be achieved
by varying .

2. Badicformulas of F* detachment by a few-cycle pulses.

Let us assume a finite circularly polarized laser pulse with a sin-square envelope, having the
following electric field:

S of Tt ra S
Esm [TJ[xcos(coHS)nL ysinlwt+3)] te[0,1]
E(t,S):{ 1)

0 otherwise

Here 1 is the total duration of the pulse, E; and @ the field strength and frequency,
respectively, and 6 the carrier-envelope relative phase. In order to have an integer number of
cycles we assume 7= n.T with T=2/ @ the period of the carrier. With this choice the impulse
imparted to the electron by the electric field of the laser pulse during its duration will be zero.
The polarization plane is assumed to coincide with (x, y) plane. The vector potential is taken,
in Gaussian units, as

A(t,8)=—c[,dt’E(t",3) 2
so that it turnsto be zero for t<0 and t= 7. By assuming the negative ion initially in a bound

state yi(r, t) the transition amplitude for detachment into the final continuum state 7 (r,t) at
the pulse end, in the length gauge, has the form ((in atomic units)

Ty(8)=] ot (w7 (0] E@.3) 1w 1) ©
In our calculations y;i(r ,t) is approximated by
wi(r ) =, (r)exp(=il,t) (4)
with
i (r)= Artexp(-kr)Y, ,(f) (5)

In Eqg. (4) A is the normalization coefficient, Y, (T ) a spherical harmonic, and I, m the
angular momentum quantum numbers of the electron in the initial state. The quantization axis
is chosen along the propagation direction of the laser pulse. 1,=-k%/2 is the energy of the initial

bound state. The final state of the detached electron ; (r,t) is described by a Volkov state

with momentum q . By using the above approximate wavefunctions for yi(r ,t) and v (rt),
we have for the transition amplitude at the time t

T.®)=1 [ (v, (O)]r- E@.3)|wi () expfi 5,(2.8) ot ©)
where
v, (r)=expli[g+k, (t,5)]-r } (7a)
and
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Sq(t,S)zjtdt{M+ |0} (70)

with Kk (t,0)=A(t,0)/c. Once T5(9) is known, the momentum distribution of the photoelectron in
the (x,y) polarization plane is obtained as
dzpﬁ (8) I e

dg, da,

Below, Eqg. (8) will be used to calculate the distribution of the photoelectron produced during
the detachment of F ions. The detachment threshold of F depend on the atomic state in which
the atom is left after the process occurs. They are g 1, =3.4502 €V and g 3, =3.4001 eV for,

respectively, the ?PJ, and °P)), atomic final state. The calculation involves summation of
photodetachment probabilities for the different values m=0, t1lof the magnetic quantum
number characterizing the initial state of the active electron and the statistical averaging of

detachment channels associated with the two spin-orbit sublevels Py, and Pg, of the final
atomic states.

Ty (812 da, (8)

3. Results and discussion

Figure 1 shows the photoelectron distribution at the pulse end for various values of the cycle
number n,, putting E;=0.0292 a.u., @=0.030 a.u. and &=0. The photoelectron distributions
obtained by Eq.(8) are averaged over the spatia intensity in the laser focus, which is assumed

to have a Gaussian form with focal parameters near to those estimated in [11] and EZ / 2 the
peak intensity.

-08 -04 00 04 08 -08 04 00 04 08
g, (a.u.) q, (a.u.)

Fig. 1. Averaged electron momentum distribution in the (x,y) polarization plane of the laser
pulse for different values of the cycle numbers ( n=2, 3, 4, 20 ). The photoe ectron distribution
are averaged over a Gaussian spatial intensity with the focal parameters near to those estimated
in[11] with E2y/2 the peak intensity. E;=0.0292 a.u., @=0.030 a.u. and &=0.
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By inspection of Fig. 1 we note that the momentum distribution in the polarization plane (X, y)
is not isotropic and this anisotropy is strongly reduced when the cycle number is increased.
This result may be explained qualitatively by using simple classical arguments based on a
semiclassical two-step model [21-24]. In the first step the bound electron is detached
instantaneously via tunnelling with zero velocity, at the time t; in which the final strength is
around its maximum value. In the second step, the gjected electron propagates like a free
particle under the sole action of pulse. Such an approximation is suitable for the

photodetachment process as the asymptotic binding potential has a polarization form u=-o/2r*
where « is the dipole polarizability of the atomic core. According to the above model, the
impulse imparted to the electron by the laser field in the time interval =tqis given by

7(v,8)-xlt,,8)= - J' : Et,5)dt 9)

where t, € [0,7] is the instant of the detachment and 7 (t,&) denotes the electron kinematical

momentum at the time t. By assuming 7z (t; ,6) =~ 0, the electron momentum at the end of the
laser pulse turns out to be equal to the impulse given by the laser field:

ﬂ(z&):—JtT E( ,8)dt‘:—IOT E(t ,8)dt'+j: Et ,8)dt (10)

As the temporal shape of the laser pulse has been chosen in such away that the first integral in
the rhs of the above equation vanishes, we find that, qualitatively, the electron kinetic
momentum at the end of the laser pulse is given by the vector

- CE(t,8)t =1/ c Alt,,8) =k, (¢, ,5)
0
evaluated at the detachment time.

0.02
0.01
~
3
& 0.00
.01
0.02
001 000 001 002 08 -04 00 0.4 0.8
E, (a.u.) ki (a.u.)
0.8 -
0.02 p ng=3
0.4
0.01
—~ —~
3 3
8 0007 <3 18 0.0
w” 7
X
-0.01
0.4
-0.02
0.8
0.02 0.00 002 .08 04 0.0 0.4 0.8
E, (a.u.) k., (a.u.)

Fig. 2. The left pand curves show the time-dependent electric field E(t, 0) for n=2, 3. The
corresponding curves for the momentum ky (t, 0) imparted to the electron by the laser pulse are
reported in the right panel. In the left curves the symbols mark the time interval extrema where
the electric field is more intense. The same symbols are also marked in the corresponding
curvesfor k. (t, 0) . Thelaser parametersasin Fig.1.

In Fig. 2, the time-dependent electric field E(t, 0) and the corresponding time-dependent
momentum ky (t, 0)= -1/cA(t, 0) imparted to the electron by the laser pulse in the time interval
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[0, t], are respectively shown in the left and right panels, for n.=2 and 3. For n.=2, the electric
field rotates in the polarization plane describing a curve which, in the time interval [ 378, 57
/8], is very close to a semi-circumference of ray approximately equal to its maximum value. In
the same time interval ki (t, 0) rotates describing a quasi-semi-circumference, rotated of n/2
respect to that described by E(t, 0), lying in the half-plane y>0. Since the kinetic momentum
at the end of the pulse is equal to -k (t4, 0), the electron distribution results essentially
confined in the half-plane y<0. Thisin agreement with the plot shown in figure 1 for n.=2.
The same above considerations can be repeated for n.=3 intheinterval [ 57712, 77/12] noting
that in this case the vector ki (t, 0) lies in the half-plane y<0. Consequently, the electrons are
preferentially gjected in the half-plane y>0. However, we point out that in the two intervals [
773, 57 /12) and [ 7712, 27 /3] the laser electric field strength is greater than % of its
maximum and ki (t, 0) lies in the half-plane y>0. Therefore, a sizeable electron emission in
the plane y<0 may be expected too, asit is shown in Fig.1 for n=3.

The plots of Fig. 1, for n=4 and 20, may be explained too by considering the time
evolution of the vector E(t, 0) and k. (t, 0). In fact, by increasing n., the vectors E(t, 0) and,
hence, k_(t, 0) rotate several times keeping in each turn a quasi constant strength that makes
the gected electron distributions, in the (x,y) plane, ailmost isotropic. Finally, we remark that
above threshold ionization processes caused by the interaction of a few-cycle circularly
polarized pulse with hydrogen like atoms have been recently studied by Milosevich et al.[13].
By using the saddle point method they have established the vector potential evaluated at the
real part of the saddle points, giving the main contribution to the integral entering the
transition amplitude, is amost aligned aong the momentum of the eected electrons.
Moreover, by increasing the number of the optical cycles encompassed in a pulse, as aresults
of the interference effects, well-resolved peaks appear in the curve, evaluated numerically,
showing the ionization probability as a function of the energy of the gjected electron. For few-
cycle pulse ( n.=2 or 3), it may be happen that, for some angular interval of the gection
direction, the main contribution to the ionization amplitude come from a single saddle point;
in this case structureless energy distribution of the photoelectron will be obtained. The result
of Ref. [13] applied to the case of photodetachment may be used to explain the curves shown
inFig. 1.

8=0

a, (a.u.)

1.0 -05 0.0 05 1.0 1.0 05 00 05 10
q, (a.u.) q, (a.u.)

Fig. 3. Averaged eectron momentum distribution in the (x,y) polarization plane of the laser
pulse for two values of & with n=2. The values of E; and w arethe same asin Fig.1.

In Fig. 3 we present the averaged electron momentum distribution in the polarization plane for
various values of the carrier-envelope relative phase 6, for n.=2 and I, and w the same as in
Fig. 1. By varying the carrier-envelope relative phase from 0 to 6, the electron momentum
distribution rotates counter clock wise of an angle equal to 6. Then we may conclude that a
change in the carrier-envelope relative phase from 0 to dcorresponds to a rotation of our
system around the z-axis of the angle ¢=4. This occurs since the transition amplitude Ty(9),
Eqg. (2), isequal to that evaluated a 6=0 in a system rotated by an angle -d around the z-axis
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To(8)=-i [ at(w, (rO[EES) |, (1)
=i [ dt(w, (T ETEEWwS) rT* @ E)vi(r 1)) (11)
=i :dt@;, (" YE.0)- rlw, (r 1)

In Eq. (10) T() isthe unitary operator corresponding to arotation of our system by an angle -
daround the z-axisand r’'=T(J) r.
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a,(a.u.)
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Fig4 Averaged electron momentum distribution in the (x,2) plane, perpendicular to the
polarization plane of the laser pulse, for different values of the cycle number ( n=2, 3, 4, 20).
The laser parametersasin Fig.1

Figure 4 shows the averaged electron momentum distribution in the (y,2) plane. In agreement
with the classical picture, few electrons are emitted along the z-axis. The plots exhibit
asymmetries around the line ¢,=0, which are strongly reduced when the cycle number
increases. For n.=20 the asymmetries, in agreement with the electron momentum distribution
recorded in ref.[11], disappear. However, as it will be discussed more deeply elsewhere, we
remark that the modulations in the momentum distribution shown in Fig. 4 are practically
washed out by increasing the spatial laser inhomogeneity.

By summarizing, we have studied the atom threshold detachment of F by describing the
initial bound state in avery simple way. The obtained results have been analyzed in terms of a
two-step semiclassical model. Accordingly, after the electrons are detached via tunnelling,
their motion is determined by the action of the electric field pulse following the classical
dynamics laws. Anisotropies in the angular distribution of the electrons g ected on the plane
perpendicular to the laser field propagation direction are found that decrease by increasing the
number of cycles of the laser pulse.
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