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PHYSICAL REVIEW A 68, 043407 (2003
Controlling H ~ detachment with few-cycle pulses

S. X. HW* and Anthony F. Starate
Department of Physics and Astronomy, The University of Nebraska-Lincoln, Nebraska 68588-0111, USA
(Received 26 June 2003; published 20 October 2003

We present a detailed analysis of short-pulse detachment processes using few-cycle pulses with the aim of
demonstrating means for controlling such processes. We first generalize the standard Keldysh-type formalism
for laser-target interactionen which final-state interaction between the detached electron and the core is
ignored to include the possibility that the vector potential is nonzero at the end of the interaction between a
short laser pulse and the target. With this formalism in hand, we examine the effects of half-cycle pulses
(HCPs on detachment of the prototypical negative ion,Hand show that detachment by pairs of oppositely-
directed(i.e., “bidirectional”) HCPs allows one to understand the interference pattern seen in detachment by
single-cycle pulses. We also examine in detail the transition from few-cycle pulses to many-cycle pulses as
various experimental parameters are varied, i.e., the laser frequency, the laser-pulse duration, and the absolute
phase of the carrier wave with respect to the pulse envelope. Finally, we examine the use of pairs of single-
cycle pulses, differing in phase by 180°, together with a modest static electric field to control coherently the
extent of H detachment as the delay between the pulses is varied. Our simulations show that this scheme
allows one to modulate the Hdetachment probability by-30%, which is far higher than has been achieved
for similar schemes using many-cycle pulses. Although our results are presented specifically, ftireid
apply to detachment of any negative ion havestate valence electrons; in addition, the qualitative informa-
tion on half-cycle, single-cycle, and few-cycle pulse interactions should be generally applicable to short-pulse
detachment or ionization of other target atoms or ions.

DOI: 10.1103/PhysRevA.68.043407 PACS nuntber32.80.Qk, 32.80.Gc, 42.50.Vk, 32.80.Rm

[. INTRODUCTION dependent Schdinger equatior{13,14). Alternatively, one
may reexamine analytic Keldysh-type theorigs5-22,
Rap|d progress in the techniques for generating u|trashoM/hiCh are well-established for the desg:ription of the interac-
laser pulses has enabled experimentalists to produce pulsg@n of intense monochromatic fields with matter. These have
containing only a few optical cyclefl,2]. Such few-cycle bee'n generalized to the case of finite but long laser pulses
pulses may be focused to obtain intensities as high aB2ving many cycleg23,24; they have also been used to

~10' W/cm?. Since an ultrashort pulse may have only atreat few-cycle pulses for the case that the time integral of

few oscillations inside its pulse envelope, the absolute phastge electric field of the pulse is zef@s,26. The few-cycle

of the monochromatic part of the laser field with respect tocase considered here requires further generalization in order
. : to treat instances in which the vector potential no longer
its pulse envelope becomes an important part of the descri

. R . : . Rianishes at the end of a few-cycle or half-cycle pulse
tion of its interaction with mattef3—6]. Furthermore, if the 27,28, Although this case has begn recognizedyas uﬁusual
number of laser oscillations inside the pulse is decreased '

. o . 9-37, it is becoming common now that experimentalists
only a single cycle or lesee.g., a half cyclg itis an inter-  can produce true half-cycle pulség]. In addition, as we
esting question whether there are qualitative changes markn 1 show below, analysis of the case of two oppositely

ing the interaction of such unusual pulses with matter. Ha|f'polarized and time-delayed coherent half-cycle pulses pro-
cycle pulses(HCP9 can be taken as a limiting case. yides insight into the unusual electron angular and momen-
Experimentalists have already shown how to produce HCPgim distributions produced in detachment of Wy single-
via short-pulse photoexcitation of a semi-insulating wafercycle pulses.
[7,8]. Half-cycle pulses have been used extensively to ionize The characteristics of few-cycle pulses have applications
(kick) Rydberg atom$9,10], to measure the quantum phaseto quantum control of atomic processes. Coherent control of
of wave packet$11], and to study the dynamics of diamag- quantum systems has drawn increasing attention for more
netic Zeeman statdd2]. Since the Kepler period of a high- than 20 yeard33]. The basis for quantum control is the
n Rydberg state may be much longer than the typical durafundamental principle of coherent state superposition in
tion of a HCP, the impulse approximation has been used tguantum mechanics, whereby the superposition of alternative
describe the HCP’s “kick” imparted to a slowly revolving transition amplitudes can lead to constructive or destructive
Rydberg electron. However, the impulse approximation is nquantum interference effects. Such interference effects may
longer valid if the HCP duration is longer than the typical enhance or suppress a particular transition, depending on the
Kepler period of a system. One approach, of course, is teelative phase difference of the alternative transition ampli-
carry out a direct numerical integration of the time- tudes. For example, recently a scheme for phase control of
the transition yield of alkali atoms has been analyzed in
which there is a dc field-induced interference between a reso-
*Email address: suxing@Ilanl.gov nantly enhanced two-photon transition and a single-photon
"Email address: astaracel@unl.edu (second harmonjctransition to the same findtontinuum
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state of an alkali atorh34]. Also, recently the phase differ- ization of neutral atoms with short laser pulses, as suggested
ence between different final-state partial waves produced blgy experiments involving Rydberg electron wave packets.

a two-photon transition and the correspondif@herent This paper is arranged as follows: In Sec. Il we expand
single-photon(second harmonjctransition in the Rubidium the Volkov propagator in terms of Volkov states, and gener-
atom has been measurggb]. Among the pump-probe types alize the Keldysh-type formalism for the general case of ex-
of coherent control processg33] are those that employ a ternal fields that may have a nonvanishing vector potential as
static electric-field to control the motion of electron wavet—c. We also discuss the validity of this approach for the
packets produced either in highly excited Rydberg statepulses considered in this paper. We then use our generalized
[36,37 or in H™ photodetachmeri23,24. In the case of H  formulation to calculate the detachment rates oftty HCPs
photodetachmerj23,24, the basic idea is to use an external as well as by few-cycle pulses in Sec. Ill. Our examination
electric field to reflect one of the two outgoing electron wavegf H~ detachment by pairs of oppositely directég., “bi-
packets produced by an initial laser pulse linearly polarizedjirectional”) HCPs allows one to understand the interference
along the static field directiorfOne wave packet accelerates pattern seen in detachment by single-cycle pulses. We also
away from the origin in the direction of decreasing staticexamine in detail the transition from few-cycle pulses to
electric field potential energy; the second wave packet decefnany-cycle pulses as the experimental parameters are varied,
erates as it moves in the direction of ianeaSing static eIeCtrip_e_’ the laser frequency and the pu|se duration. We then ex-
field potential energy and is reflected by the potentislhen  amine the use of pairs of single-cycle pulses, differing in
the reflected wave packet returns to the vicinity of the origin,phase by 180°, together with a modest static electric field for
a time-delayed second laser pulsmherent with the fir§t  coherent control of the extent of Hdetachment as a func-
produces another two oppositely moving electron wavejon of the time delay between the pulses. Finally, we exam-
packets, one of which will overlap and interfere with the ine the use of the absolute phase of the carrier wave with
reflected electron wave packet. By controlling the phase ofespect to the pulse envelope to control Hetachment. In

the second laser pulse, one can produce either constructive §bc. |\ we summarize our results and draw some conclu-
destructive quantum interference, thereby modulating the H gjgns.

detachment cross section. Obviously, the maximum possible
modulation is about 50% in principle, because the static field
only reflects one of the two outgoing wave packets produced
initially. [In practice, the maximum modulation is usually
considerably less owing to the spreading of the initial wave
packet; e.g., in Ref$23] and[24] (in the case in which only Photodetachment of Hhas been investigated extensively
a static electric field was uspchodulations of only 2% and by a variety of theoretical methods. Among these methods
10% were obtained, respectivdlyHowever, the situation are the Keldysh-type formalisms that are well established for
may be changed qualitatively if few- or half-cycle pulses aretreating detachment of negative ions subjected to monochro-
employed: namely, one may be able to produce detacheahatic, intense laser field45-22. However, unlike the case
electron wave packets in only a single direction, thereby enef a monochromatic field or even a long laser pulstich
abling one to increase the possible modulation of the H generally contains many cycles of laser oscilla}jcea half-
detachment cross section in a pump-probe control schenmycle pulse or a few-cycle pulse may result in a nonvanish-
such as that just described. ing vector potential after it passes thé kbn. When a static

In this paper, we analyze theoretically the process of H electric field is introduced, it may always be represented by a
detachment by half-cycle and few-cycle pulses using a gemonvanishing vector potential. The problem of photodetach-
eralization of the familiar Keldysh-type theory that includesment of H in the presence of a static electric field has
the case of a possible nonzero vector potential at the end eoécently been reviewed by Manakev al. [39], who present
the pulse. Our emphasis is on the analysis of quantum coralso a detailed analysis of the problem by means of the qua-
trol of the H™ detachment process by using half- or few- sistationary, quasienergy state approach, which takes full ac-
cycle pulses together with a static field. We demonstrate theount of the electron-atom interactions that are ignored in
possibility of modulating the H detachment cross section Keldysh-type approache$Such interactions are significant
by up to ~30%. We also demonstrate the essential role ofmainly for static fields that are much stronger than typical
the absolute phase of the few-cycle pulses. In particular, thiaboratory static fields, particularly for multiphoton detach-
symmetry of the photoelectron momentum spectrum is founanent in which an even number of photons are absoybad.
to break down as the number of laser cycles in the puls¢his paper our aim is to generalize Keldysh-type treatments
becomes of order 1. The dependence of thedétachment of the photodetachment of Hfor the cases of half- or few-
cross section on the pulse duration is also examined. Weycle pulses, possibly in the presence of a static electric field.
consider single and double coherent pulses, where each pul¥ée take a time-dependent approach and examine the time
comprises in turn a half-cycle, a single-cycle, a few cyclesgvolution of electron wave packets resulting from the inter-
and several to many cycles. We thus present a compreheaetion of a pulse with an Hion. We note that the impulse
sive analysis of results to be expected from short-pulse deapproximation[9], which is well established for studying the
tachment of negative ions, for which related laser detachinteraction of HCPs with Rydberg atoms, does not apply to
ment experiments have recently appeai@d]. We expect the situations considered in this paper because the pulse du-
also that our predictions apply at least qualitatively to ion-rations we consider are much londey at least one order of

IIl. THEORY OF H = DETACHMENT
BY FEW-CYCLE PULSES
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magnitude than the Kepler period of the ground-state elec- 1 52

tron in H™. i—\If”(z,t):( 55 +[Es+ Ep(t)]z> v (zt). (5
In this section, we first derive the Volkov state momentum at 9z

space solution of the Schiimger equation for an electron in

both a general few-cycle laser pulse and a static electric fiel

A zero-range potentigl0] is used to describe the negative

dlo solve the above equation, we make the following ansatz:

t
ion H™; it supports a single bound state that has a well- \p(z,t)zexp( _izxf [Eq+ Ep(t’)]dt')f(z,t)
known wave function. Next, we generalize the Keldysh-type
formalism for the case of H detachment by a general half- = glzA/ef (7 1), (6)

cycle or a few-cycle pulse, which may result in a nonzero

vector potential at the end of the pulse. We then calculate th@here A(t) = —c['[Es+Ep(t’)]dt’ is the vector potential
probability amplitude for transition from the zero-range po-for both the few-cycle pulse fiel(t) and the static electric
tential initial state to a plane-wave final state with well- field E;, and c=137.036(in atomic unit$ is the speed of
defined momentum, thereby obtaining the detachment prohight in vacuum. Inserting Eq6) into Eq. (5), we obtain the
ability density for H* exposed to a few-cycle laser pulse.  following equation for the functiori(z,t):

2
f(z1). (7)

A. The analytic Volkov state wave function
in momentum space

'é’f L 'a-i-A /
IE (Z,t)—i IE (t)/c

Consider a free electron moving in both a few-cycle puls
field and a static electric field. Its motion can be described b
the following three-dimensional Schtimger equation in mo-
mentum spacéwe use atomic units throughout this paper

e see from the form of Eq.7) that the ansatz in Eq6)
represents a gauge transformation from the length to the ve-
locity gauge. The solution of Eq7) is

TM(p,t). sz(zyt):(zﬂ_)—llzeikzzx exp( - IEft[szrA(r)/c]zdr).
1) ()

Herep denotes the momentum vector of the detached eleciVe observe that the functioky (z,t) is characterized by the
tron. We assume that both the static electric fieldand the  parallel momentunk, of the detached electron. Finally, we
few-cycle pulse fieldEp(t) are polarized along the axis,  Fourier transform this solution fo¥(z,t) back to momen-
and that the dipole approximation applies. In order to ensuréum space; we obtain

gauge invariance of our results without the necessity for

'a\lf(") t—12+E+E t)]i J
e (p,t)= 5P [Es P()]'r?pz

gauge transformation of our wave functipfi], we use the ‘I’||,kz(pz,t)= Sk, +A(t)/c—p,)

length gauge in Eq(1), in which the coordinate is repre- )

sented in momentum space by/dp,. Since all fields lie B '_Jt 2

along the z axis, we may decompose the Volkov state wave XX 2 [k.+A(n)/c]d7]. (9

function into transverse and parallel components,
W, (px.py.t) and ¥ (p,,t), where each of these compo- Combining Egs(4) and(9), the normalized VolkoV) wave
nents satisfies its own Schiinger equation, as follows: function in momentum space is

(V) - _ —_ _
i%%(px,py,tF%(p§+p§)%(px,py,t). ) Wik k(P 1) = 8(kx = Py) 8(ky = py) 8(k+ A(t)/c—p,)
P 1 P Xexy{ —iet—i Jt[kZA(T)/C
ia‘l’|(pz,t)=(ipf+ +[Es+ Ep(t)]ia—m)‘lﬂ(pz,t)-

3) +A(71)?/2¢?]d 7) : (10

Equation(2) has the following simple solution: where ;= %(k§+k)2,+ kg) is the kinetic energy of the de-

V1 kg (P Py 1) = 8(ke— Py (K, —Py) tached electron.

4 B. Generalized formalism for H™ detachment
! 4) by few-cycle pulses

i
xexp{ - E(k§+ ko)t

The transition amplitude from an initial state before the
wherek, andk, are the transverse momenta of the_ detaCheﬁiaser interaction to a final state;(p,t) after the laser inter-
electron. To solve Eq.3) for the parallel wave function, we action is
first seek its analytic solution in coordinate space, and then

we Fourier transform it back to momentum space. In coordi- Si_ = lim (W (1)| ¥ (1)), (12)
nate space, Eq3) is t

— %
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where the brackets imply integration over the momentum ) L _ N
coordinatep. The time-dependent wave functidh(p,t) of U (pt;p’ t")=—io(t—t )f_m
the system has developed out of the initial state:

3 (V) (V)* ’ o
\I’(p,t): lim U(p,t;p,,t,)q,i(p,,t,), (12) xd k‘Pk (p!t)qlk (p ,t )1 (18)
’[’~>—oo
. . _ whered(t—t") is the Heaviside step function aml(kv)(p,t)
where U(p,t;p’,t") is the time-evolution operator and js given in Eq.(10). Upon substituting Eq(10) into the

Wi(p’,t") is the initial state before the laser interaction. ahove expression, we obtain the Volkov propagator by inte-
Thus, one may rewrite Eq11) as grating overk:

S_¢= lim  (P()|U(t;t)|Pi(t")), (13

t—o t’-;—oc U(V)(p7t;p,7t,)
where the brackets imply integration over momentum coor- = — i 0(t=t") 8(px—p,) 8(py—py)
dinatesp andp’. The time-evolution operatdd (p,t;p’,t") , , (12 (024 024 D) (t—t
satisfies the well-known Dyson equation, which in the $ehro X 8(p,~ Py~ [A() —A(t")J/c)e ARy TR (=)

dinger representation is i
t Xexp(—if dr{pJA(T)—A(t)]/c
t,
U(p,t;p’.t’)=Uo(p,t;p’,t’)—if dt”f d*p”
t/

"non "non "non ! ! + A _A t 2/2C2 . 19
XU (P, ) H, (" ) Ug(p/,t75p ) [A(n=AD] }) (19
14
) ) _ The final state is considered to be a plane wave having mo-
In Eq. (14) Ug(p,t;p’,t") is the time-evolution operator for mentumK , i.e.,

the zero-order Hamiltonian, which includes the kinetic-

energy term and the atomic potentill,(p”,t”) denotes the B K2

interaction Hamiltonian, which includes the laser and static Vi k(pt)=45(K-p)e - (20
field interactions with the active electron. Substituting the

expression forU(p,t;p’,t’) into the transition amplitude We represent the Hion by the well-knowné function po-
equation(13) and considering the orthogonality of the final tential[40], whose bound state is taken to be our initial state.
scattering stat&V; with the initial bound statéV;, one ob- Its wave functior[ 45,46 has the following form in momen-
tains tum space:

t
= —ioxim [ dUOr OV < H ), L S SO
o

(15) \/2_ p,2/2_ €j

Following the Keldysh-type theory for which the exact yhere the normalization parameterBs=0.315 52[46] and
time-evolution operato (pt;p’t’) is approximated by the the ground-state energy is=—0.027 751 a.u. Physically,
Volkov propagatorU®™)(p,t;p’,t") [15-22 (in which the  Eq. (16) describes a laser and static field-induced transition
active electron’s interaction with the laser and static fields is5¢ an electron initially in the H bound state to the con-
treated eXaCtly, but its interaction with the atomic pOtential iStinuum, where it propagates in the presence of both the laser
ignored, the transition amplitude from the initial state gnd the static fields up to time t. At that time the probability
Wi(p’,t’) to a final stateV¢(p,t) becomes amplitude is projected onto a plane-wave state so that its

. distribution in momentum space can be examined, as in Eq.
Sip=—ix Iimf dt/ (W(H)] UML) x Hy (1) (t)),  (26) below. _
tosood = Substituting the Volkov propagatdil9), the final state
(16) wave functionW¢ ¢ (20), the interaction HamiltoniarH,
(17), and the initial statel; (21) into Eq. (16), one obtains
where the transition amplitude from the initial state to the final state
(characterized by the momentu) by integrating over the

H(p' t") =i[Es+Ep(t')]d/dp; (17 rmomentap andp’.
is the dipole interaction Hamiltonian in the length gauge. If _
we choose the Volkov state as the final state, obviously our S_t(K)= lim Rg(t), (22
Eqg. (16) reduces to the one used in REL7] (for the case t=tee

E,=0) and in Refs[18,23 (for the caseE;#0). We may
expand the Volkov propagator in terms of the Volkov wavewhere the time-dependent transition amplitiRlgt) to the
functions[42—44, momentum stat& is given by

043407-4
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B [t _ t Also, from the Fourier transform of this momentum-space
Re(t)=i— dt’e'(fffi)t'ex;( —i f dt"{K,[A(t") probability amplitude, one obtains the spatial behavior of the
t!

V2] - detached electron’s wave packeB,24, dowp(X,Y,z,t).
—A(t)J/c+[AL") —A(t)]2/2c2}) C. Coherent few-cycle pulses
In order to study coherent control of Hdetachment, we
[Est+Ep(t)]X[K,—A(t)/c+A(t")/c] employ coherent superpositions of few-cy(@lecluding half-
({K2+ K2+[K —A()/c+A(t) ]2} 2— )2’ cycle) pulses. We assume that each few-cycle pulse hag a sin
X y z i

temporal shape and is polarized along t#rexis. The vector
(23 potential for the superpositiod,(t), is defined by

’ H 1 2 2
whezre th(_a _detached ele_ctrons energy ds=;(K;+Kj Ap(t)=(0,0Ap(1))=
+KY?). This is the generalized result for Hletachment for
the case of few-cycle pulsémcluding HCP$, which in gen-
eral may have a nonvanishing vector potential at the end
the pulse.(If we had assumed that the pulse had a spatia\
envelope as well as a time envelope, the electron might also

t
o,o,—cf Ep(t’)dt’), (28)

0\1_x/here the electric fiel&p(t) of N coherent few-cycle pulses
S expressed as

“feel” a nonvanishing vector potential if it were to exit the n-1 | Ej XSiHZ(M), .

spatial region of the pulsg32].) For long laser pulses, for E)= j 0<t—j7<T;

which the final vector potential is zero, i.&(t—>)=0, the P =) xcod wj(t—j7)+ o],

above formula for the transition amplitude reduces exactly to 0 otherwise

the usual Keldysh theory resiit5—22. The transition prob- ' (29)

ability density from the ground state of Hto a particular

final state with electron momentuka is thus Here E; denotes the field amplitude of thigh few-cycle
pulse, T; stands for its pulse duratiorr, is the time delay

W(K)=|S_:(K)?, (24)  between two sequential pulses, apdis the absolute phase

of the jth few-cycle pulse with respect to its temporal &in

and the total detachment probability can be obtained by inenvelope. Note that as;—0, thejth pulse becomes a HCP,

tegrat|ngW(K) over all possib'e electron mome”m[47]' in Wh|Ch the 'Sig.n OfEJ determines the HCP dil’ectio.n. The
vector potential in Eq(28) corresponding to the electric field

o in Eq. (29) is
sz W(K)d3K. (25)
- Ap(t)
From the time-dependent transition amplituglg(t), one 0, t=j7<0
may trace the spatial evolution of a detached electron wave sinfw;(t—j7)+ ¢|]
packet. Specifically, the detached electron’s probability am- —CEjx 20
plitude in momentum space may be written as _Nil Sin[(27/ T+ w)) (t— )+ o]
— 3
Ywe(Px:Py,Pz:t) = J_w R (DWW, (Px, Py, Pz, 1)K, _sin[(27/Tj— w)(t=j 1) — ] t—jr=T
(26) 427/ T~ ;) ' )
C()), t—jr>T;

whereW¥;  is the plane-wave final stag0). This expansion
in essence reverses the projection onto plane waves, giving (30
the time-dependent elect_ron probability amplitude _in theWhere the constar(j) is determined by the continuity of
presence of the external fields in momentum space, i.e., Ap(t) at timet=T,+ 7 for j=N—1. Examples of half-
) cycle pulses and few-cycle pulses are shown in Fig. 1, in
[V we(p,b)] which the maximum field amplitude shown is<A0° Vicm
t 2 (~0.001 a.u.). Figures(d) and Xc) present the field ampli-
=‘ f dt’J d®p' UM (p,t;p",t")H,(p" . t)¥i(p’,t") tude and the vector potential for two half-cycle pulses polar-
‘°° ized in opposite directions and separated by a time interval

to t 7=100 fs. Similarly, Figs. (b) and Xd) show two sequen-
=U d3qu<kv>(p,t)f dt’ (TN (t)[H, (1)) tial few-cycle (= single cyclé pulses.
o o The results in Fig. 1 indicate that both the fields and their
2 vector potentialggiven by Egs.(29) and(30)] are continu-
XWi(t))] . (27)  ous, as required.
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S 0001 /\ 0.001 10’
<
e 0.0006 A @] 00005 I/\\ //\\ ) 2 0 /
S 0.0002 =
g_o'woz \ / ) \| \| :g 10 /
£ _0.0006 00005 |- \ S 3
2 000 V —0.001 = 10° v
0 50 100 150 200 0 50 100 150 200 g .
N Time (fs) Time (fs) £ 1 0_3 .
3 _g.gg 0.4 ; - -§ p aved®
.:‘-é _0:40 \ / © 0.2 /\ g 10—10 /
5 060 | / 0.0 3 ., -
2 050 [ | \/ S10° ;o
5 00|\ J -0.2 Y = .’
s =4 -14
© 120 -04 10
> 0 50 100 150 200 0 50 100 150 200 10* 10° 10° 10’
Time (fs) Time (fs) Maximum field strength of HCP (V/cm)

FIG. 1. Examples of the fields considered and their correspond-
ing vector potentials@) Field of two half-cycle pulsegb) Field of
two single-cycle pulsesof=0.0046 a.u.)(c) Vector potential cor-
responding to the field if&). (d) Vector potential corresponding to
the field in(b). The maximum field amplitude is3610° V/cm, and
each pulse has a duration of 50 fs. The time detdyetween the
start of each pulse is 100 fs.

FIG. 2. The detachment probability of Hby a half-cycle pulse
(HCP) (with a duration of 100 fg as a function of the HCP’s
maximum field amplitude.

the S-matrix approach given by E1) holds in all cases
considered. We note also that others have usecdbstmatrix
approach together with the strong-field approximation to
treat few-cycle pulsef25,26|.

Another way of looking at the half-cycle pulse case is to
consider the limit of a purely static electric field. As already
The use of thes-matrix approach to describe the interac- shown in Sec. V C of Ref18], the Smatrix approach can be
tion of radiation with an atomic system rests, first, on anused to treat field ionization and the predicted lifetime for the
adiabatically slow turn on of the radiation fieldtat —« and ~ ground state as a function of static electric-field strength

an adiabatically slow turn off of the field && + . Second, agrees wellin the weak field limif with perturbative predic-

it assumes implicitly that depletion of the initial state of the tions of otherd48]. In our case, our half-cycle pulses have a
atomic system is negligibly small over the course of interacPeak field amplitude of % 10° V/cm. According to Eq(74)
tion. For these reasons the use of Bmatrix approach to (or Fig. 4 of Ref.[18], a static field of this strength would
describe the interaction of short laser pulses with an atomigive the H ion ground state a lifetime of 0.5910 '* s, or
system requires an analysis of whether these conditions ag-field ionization rate of 1.2 10"/s, If we approximate our
ply. 50-fs long half-cycle pulse by a 50-fs square pulse with am-

First, regarding adiabaticity, the time of interactidn  plitude 5x10° VV/icm, then the probability of ionization is
should be much longer than the atomic orbital period in theb0 fsx 1.7x10*/s=8.5x10"3. Thus depletion of the H
system’s ground state, i.e., ground state is<0.85%, which again points to the validity
of the S'matrix approach for the kinds of pulses considered
here.

To check further the validity of our generalized Keldysh-
Here T is the duration of the pulse anf, is the binding type formalism, we consider the detachment probability of
energy of the electron in the initial atomic state. For ourH™ vs the maximum field amplitude of one half-cycle pulse.
few-cycle pulses we have chosen the envelope “frequencyThe result obtained using E¢25) and a HCP duration of
w to be approximatel¥/10. Hence, for a single-cycle pulse 100 fs is shown in Fig. 2. As Fig. 2 indicates, the probabili-
the interaction time is one laser “period,” ofF =20x/E,. ties for maximum field strengths less thar® Mcm are very
Thus, even for a half-cycle pulse E1) is obviously sat- small and have an approximately linear increase in the log-
isfied. scale plot, which is typical of the perturbation regime. The

One may, of course, note that the half-cycle and singledetachment probability rises sharply above a field strength of
cycle pulses considered in this paper are so short that ascri:x 10° V/icm. This agrees very well with the experimental
ing a single frequency to them is inappropriate. For this and theoretical critical field strength[of (2—3)
reason we have Fourier analyzed our pulse shapes to obtain10°® V/cm] for H™ detachment by static electric fields
the frequency spectrum of our pulses. This analysis indicatg2!8,49. A similar “threshold” behavior for the field depen-
that—for all cases considered in this paper—frequency comdence of the H detachment probability has been predicted
ponents for whichw/Eq=0.2 contribute with less than 0.001 using the quasistationary, quasienergy state apprfa@h
times the amplitude of frequencies for whieEy<0.2  Note finally that in the high static field regime, the field
(i.e., T>10w/Egy). Thus, the condition for applicability of dependence of the detachment probability shown in Fig. 2 is

D. Validity of the S-matrix approach
and the strong-field approximation

T> 1/E,. (31
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consistent with predictions of the ionization probability W(K,, K,=0,K,)
given by the Ammosov, Delone, and Krainov theory for the

tunneling ratd51]. 001% [

As is usual in Keldysh-type theories, we have made the 0.16 | (@)
strong-field approximatiofi.e., we have replaced the exact 8:%‘21’ i
time propagatoiJ(pt;p’t’) by the Volkov time-evolution 0.1 r
propagatorUV)(pt;p’t’)] in deriving our generalized for- 8:82 i
malism for H- detachment by HCPs or by few-cycle pulses. 8-8‘2l r 2
For this reason, we have chosen large maximum field = L o_(%lo’

. -1
strengths for the HCPs or few-cycle pulgss that the inter- 0.6 .4 g {)%5 K, (aw
actions lie in the tunneling regimeSpecifically, the field K,@uy02 o 02 (g -0
amplitude of all HCPs and few-cycle pulses considered in )
this paper is 5 10° V/cm. P(z,)
IIl. RESULTS AND DISCUSSION g-ig r

Using the generalized Keldysh-type formalism presented0.12

above, we examine here the detachment of ting half- 0%515

cycle, single-cycle, and few-cycle pulses. Our emphasis is Ofy'06
the coherent control of these processes. First, we examine thy o
use of two HCPs in the cases in which their electric fields arep.02
in the same direction or in opposite directigbglirectiona). 15
For the case of bidirectional double HCPs, we observe quan

tum interference in the detached electron spectra, with the
time delay between the bidirectional double HCPs serving as

a sensitive control parameter. Second, we investigate the ef- FIG. 3. (a) The transition probability densitW(K, ,K,=0K)
fect of the pulse duration and laser frequency on the H [see Eq.(24)] for detachment of H by a single half-cycle pulse
detachment process, i.e., we examine the transition frorfHCP), as a function of the final momenkg, andK, . Note that the
few- to many-cycle pulses. Third, we examine the use O15_0-fs HCP is polarized along the positi\zeaxis,_with a maximum
coherent pairs of single-cycle pulses to detach i the field strength of 510° V/cm. gb) The spatial electron wave
presence of a static electric field. Our numerical results shoRacketP(z.) =/ fl¢we(x.y,z,t)|"dxdy, plotted vsz andt.

that modulations of the total detachment probability of

~30% can be obtair_led. Finally, we investigate Ehe use of the P(z,t):f f | bwe(X,y,2,1)|2dxdy, (32)
absolute phase of single-cycle pulses to control de¢tach-

ment.

along the polarization directiofi.e., thez axis) in coordinate
space. We see that just after the interaction of the 50-fs HCP,
a very narrow wave packet appears, which then moves to-
We analyze in this subsection the HCP detachmentof H ward the negative direction (the field is pointing along the
in detail. If in Eq.(29) we setw;=0 and¢; =0, we obtaina positive z axis). One sees also the large spread of the wave
sir? half-cycle pulse of duratiof; . Pulses with this shape packet for large times.
have been used extensively to describe experimentally pro- Figure 4 shows results for the case of two half-cycle
duced half-cycle pulsed3]. pulses pointing in the same direction-£), with the H
For a single HCP with a duration of 50 fs, the Hletach-  detachment probability density plotted as a function of the
ment probability density as a function of the electron mo-momentaK, and K, of the detached electron. The second
mentaK, andK, is drawn in Fig. 83). The maximum tran-
sition probability is located atK,=0, K,=0, K, W(K,, K=0,K,)
=—0.5 a.u. in momentum space. This numerical result indi-

A. H™ detachment by HCPs

cates that the most probable tunneling occurs at the pea 001%
field of the half-cycle pulse, following which the electron 0.16
that tunnels outwith zero initial velocity is accelerated by 14
the residual half part of the HCP, thereby resulting in a final 0.1
momentum equal to half the vector potential, ite,=A/2. 8:8%
(Note that the vector potentidh is A=—1.0 a.u. for the 0.04
HCP considered heneThis situation is very different from O‘O%

'
(W)

the case of using a HCP to impart a kick to Rydberg elec-
trons, following which the final electron momentum Ks
=K;+A, according to the impulse approximatipn.

Figure 3b) shows the time evolution of the detached FIG. 4. Similar to Fig. 8) but for double HCPs, which are both
wave packet, polarized along the positive axis.
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P(z,t) 0.2
0.16 ¢ 0.15 //\\ (a)
0.14 0.1
0.12 /
0.1 0.05
0.08
0.06 g 0.2 N
oo S 0.15 7\ )
.280 \ % 01 \
} <
n, 0.05
g 0.8
FIG. 5. The spatial wave packB{z,t) plotted vsz andt for the = 0.6 (€
case of two HCPs polarized in the same directialong the posi-
tive z axis). 0.4
0.2 ] T — .

HCP is delayed by 200 fs from the first one. In this case, 0
there are two peaks appearing in the continuum. One is lo- -1 =0.75-05-025 0 025 05 075 1
cated atk,= A and the other is & ,=1A. These momen-
tum values indicate that the first wave packet receives the
fmugn;rgﬁfJi;afgn;?ewi??gi rfllgf:y\(l:\lﬁilsl'tlf:,Selzr(]:(c:)f(?i\llg?/elts FIG. 6. The detachment probability density/(K,=0,K,
Sz 2ft P vz 20 =0K,) plotted as a function of the electron momentln. (a)
packet, resulting from ionization at the peak of the Secongregyt for only one HCP polarized along the positiexis; (b)
half-cycle pulse, receives an impulse from the last half of thgegyt for one HCP polarized along the negathais; (c) result for
second pulse equal #,~3A. both HCPs in(a) and (b) in sequence, in which the second one is

Figure 5 shows the time evolution of the correspondinggelayed by 200 fs. Both HCPs have a maximum field amplitude of
electron wave packets. Since both HCPs are pointing in thex 10f v/cm and a duration of 50 fs.

same direction, the first HCP-produced wave packet evolves

freely for 200 fs, whereupon it is kicked by the second HCP. _ .
Note that the numerically calculated impulse of the secon oing wave packet and the Hbound state The second

L s CP’s action not only makes the bound-state tunnel through
HCP on the initially produced wave packet is just equal tothe barrier. thereby formina a new wave packet but also
the vector potential of the second HCR= —1.0 a.u.). Not ; y g P X

g drives the first wave packet back to interfere with the newly
only doe_s the se_cond Hcp I.('.Ck the al_ready—produ_ced WaV‘Broduced one. This is clearly seen from the spatial wave
packet, it also drives an additional portion of the still bound acket's temporal evolution shown in Fid. 7
probability amplitude to tunnel through the barrier. Thus, one'D b 9. 1.

sees eventually two wave packets moving with different ve- Our results in Figs. @) and 7 may be interpreted analyt-
i 1ally - pac 9 cally using our general result in EQR3) for the transition
locities but in the same direction.

We now consider a more interesting situation: two half_amplltude. Specifically, consider the bidirectional double

cycle pulses pointing in opposite directions; in some refer-HCP shown in Fig. (). Using the analytic expressions in

N ; Egs.(29) and(30) for the electric fieldE(t) and vector po-
e;:ces tEeyHa:je calklleb|d|rect|%nil_llHCdPs [E.’Z]' }f '%“(;GK 6 tential A(t) that are shown respectively in Figgaland Xc)
s_gvlzst € th et;elctment pro at':g fenstltr:ﬁ/(fx”— LY (and which are both polarized along tleaxis), we may
gas'esz')(a)vinlyeoiee CHrng; qu?rr::ier; uin tzhe?rz dierec?ioonv-w(rk:]f)“:l obtain by direct substitution into E¢23) the transition am-
only one HCP pointing in the-2 direction: () both HCPs plitude resulting from the bidirectional double H@®Rhich

acting sequentially with a time delay of 200 fs. The pulse
parameters are the same as those above, i.e., all HCPs have P&
maximum field amplitude of & 10 V/cm and a duration of 0.16 ¢
50 fs. 0:14 L

The most interesting feature of the double HCP case in0.12
which the two pulses point in opposite directions is the ap- 0.1
pearance of quantum interference, as shown in Kig). &he 0.08
interference pattern shows that for valueofin the vicin- 0.06
ity of 0.5 a.u., the transition probability is enhanced by a g,

Momentum K, (a.u.)

s

factor of 4, while for other values d{, the transition prob- 1% &5
ability decreases to near zero. One can understand the inte - -500 6530 Time (fs)
ference process as follows: the first HCP produces a wave Z(a.u.9 500! 010
.. . 10000°
packet that moves freely away from the origin. After a time
delay, the second HCRvith opposite field directioninter- FIG. 7. The time evolution of the electron wave packét,t)

acts with the entire systeffincluding both the already out- along thez axis for the double HCP case of Fig(ch
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ionizes an electron to a free particle state with momeritum 0.8
at the timet=7+T, whereT is the duration of each of the 0.6 7\ e (a)
HCPs andr is the time interval between the starting times of 0.4 / \ / \

each of the two pulse¢sThe result may be expressed as

follows: gz; / \ \

R&1+2)(t>T+T)=[J'O dt’+det'+det’+fT+Tdt'] ?Iﬁ 0:6 NN NN N[ /\(b),,,,
B oo L\ L L

Xei(efei)t’XeXp{_iftdt"[KZA(t") ?:;0.2 / \ / \ / \ / / \ / \ / \ /

ot AR VIR VYA VAR VAR VALY,
+A2(t//)/2]}xF(Kt/) O O L | O
o oY AR INAN AR NANA
where S RIRIRTRTRVRYANRIRIETRVAY
- 02 VYV UV VY
F(K.t) =i E()IK A+ AD)] 0494 0498 0502 0506 051
V27 ({K2+ Ki+[K,+A(t)]3}2- Ei)2(34) Momentum K, (a.u.)

N ) o FIG. 8. Transition-probability density for Hby double HCPs
and the superscript “+ 2" on the rate in Eq(33) indicates  for different time delays(a) 50 fs, (b) 150 fs, and(c) 250 fs.
that this is the total rate for the two bidirectional HCPs.

Owing to the fact that the electric field(t") in Eq. (34)
is zero except during the time intervals<® <T and r<t’
<71+T, only the second and fourth integrals ovérin Eq.

may be interpreted simply as followd) Free evolution with
kinetic energy%K§ for a time 7+ T (the duration of the bi-

. .. _directional pair of HCPs (2) free evolution with kinetic
33) contribute. Thus the general result for the transition- .
|(oro)bability amplitude may ge expressed in terms of two in_energy%[KerA(T)]z, the kinetic energy of the electron af-

. . .. __ter the first HCP, for a time-; and (3) the phase accumula-
tegrals, each over the time period of one of the two bidirec-. . " ’ -
tional HCPs. An interesting question is how this generalt'on during the action of the second HCP. Taking the absolute

result for the bidirectional case may be expressed in terms ofaua'¢ of Eq(35) we obtain the transition-probability den-

the results for each of the two HCPs acting separately. The!D: In which interference terms appear. Thus, the total

; ; - fransition-probability density oscillates as the momentam
result (obtained by straightforward but lengthy algebra : .
given in Eq.(35); it is obtained by expressing E¢33) in of the detached electron varies, as may be seen in Figs. 6

terms of the separate results for each of the two HCPs actin%nd 7.[Note that the oscillations shown in Fig(d asK,
alone: ncreases depend not only on the phase funcfii,,r
+T,7) but also on the relative phasesR{f) 1) andR) ]
Rf<1+2)(t=T+T)=R&llA(T)(T)XeXF[if(KZ,FT+ T,7] The phase between the two overlapping wave packets de-
pends on the time delay as well. Thus, one can control the
+RP(t=7+T), (35  detached electron spectra by adjustingThis dependence
on 7 arises only from the phase functidiK,,7+T,7) in
where Eq. (36). As an example, Fig. 8 shows the electron spectra as
a function of the electron momentulky, for the same double
f(K, t=7+T,7)= EK?(T‘FT)— E[KZ‘FA(T)]ZT bidirectional HCPs for different time delay$a) T= 50 fs,
2 2 (b) 7=150 fs, and(c) 7=250 fs. The longer the time delay
1 (et between two HCPs, the more dense the interference pattern
— _f [K,+A(t')]2dt’, (36) Is as a function oK,. This behavior is in accord with Eq.
2); (36). Finally, note that although the maximum probability
density in Fig. §c) is four times greater than that of either of
andRY) 5 1)(T) is obtained from Eq(23) for the case of the  the two pulses in Fig. @) or 6(b), the integrated probability
first HCP shown in Figs. ® and 1c) and R¢(7+T) is  (overK,) equals the sum of the integrated probabilities of
obtained from Eq.(23) for the case of the second HCP the two separate pulses.
shown in these figures. Note that the first pulse ends at
=T, at which time the electron has a mechanical momentum
of K+A(T). [After the second pulse, which adds an impulse
—A(T), the momentum of the first wave packet will be the
same as that of the second wave padkéhe transition- In the above section we discussed the process ofie+
probability ampIitudeRf}lA(T) is multiplied by a phase fac- tachment for the case of half-cycle pulses that can be taken
tor that comprises three ternfisf. Eq. (36)] whose origins  as the pulse envelope for a field with frequeney0. Al-

B. Dependence of the H detachment probability on the
number of cycles in a laser pulse
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FIG. 9. Few-cycle laser pulse fields with the same durati®® lz I g'gg L
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though the laser frequency dependence of ¢hetachment B _ _

has been investigated for lorighany-cyclé pulses, we in- FIG. 10. Detaqhment probabll_lty for Husing the fields shown
vestigate in this section the variation of Hietachment as ™ the corresponding panels of Fig. 9.

the number of cycles in a laser pulse varies from very few to ) .

very many. We investigate first the frequency variation of H 10(f) is that all the detached electrons move in the same
detachment for a laser pulse of fixed duration. We then exdirection. This contrasts with the case of many-cycle pulses,
amine the dependence of Hietachment on laser pulse du- @ Seen in Figs. 18-10(c), in which the electron wave

ration for the case of a fixed laser frequency. packet absorbs one or two photons, and then moves along
both the positive and the negative directions along the laser
1. Frequency dependence of Hdetachment polarization axis with equal probability.
for a laser pulse of fixed duration Rather the behavior observed in Fig.(fi0for an essen-

tially single-cycle pulsdcf. Fig. 9f)] is consistent with the
ase of using bidirectional HCREig. 6(c)]. In fact, the al-

ost one-cycle field shown in Fig(f9 can be approximated

y two half-cycle pulses, of which the first is a negative HCP
While the second is a positive HCP. As plotted in Fi¢c)6

%he detached electron wave packet is ejected predominantly
§n one direction. This feature of few-cycle pulses opens the
possibility of coherent control of Hdetachment by employ-

ing coherent few-cycle pulses and an external static electric
field, as we show in Sec. IlIC.

We consider here the case of pulses having the same d
ration, but for which the laser frequency varies and is smal
but nonzero. That is, we investigate the case of few-cycleb
laser pulses, which provides dramatically different results fo
H™ detachment from that of the half-cycle pulse case. Th
laser fields considered are shown in Fig. 9, where in th
panels (a)—(f) the laser frequency decreases from
=0.03 a.u. to 0.0023 a.u.

All of the laser pulses have a maximum field amplitude of
5x 10P V/cm, with the same duration of 100 fs. For each of
these pulses, the corresponding ldetachment probability
densities are shown as a function of the detached electron
momentunK, in Fig. 10. Since the binding energy of Hs
€,=—0.027 751 a.u., one-photon detachment should occur We investigate here the pulse duration dependence of H
for the field shown by Fig. @ (»=0.03 a.u.). This is detachment for the case of pulses havin§—15 cycles per
shown in Fig. 10a) in which the detached electron momen- pulse, with each pulse having the same maximum amplitude.
tum is given by the energy conservation requiremniésmt, We choose a laser frequency of 0.0_22 a.u., for which the
K,==2(nheo—|e]) with n=1]. Figure 1@b) shows ex- s!ngle—photon detachment channel is closed for long pulses
p||C|t|y the tWO_photon detachment process. In F|g(d@he since the electron afflnlty of His |p:0027 751 a.u. For a
two-photon process is near the detachment threshold, so t#eng pulse, therefore, the only possible detachment channels
+K, peaks come together near zero. Three-photon peaks @f€ those involving absorption of two or more photons. Fig-
K,=+0.2848 a.u. anK,=+0.18 a.u. are also visible in ure 1X& shows the H detachment probability density
Figs. 1Gb) and 10c), respectively. All these peaks are ex- W(Ky,K,=0K,) for a sirf laser pulse of duratiorl
actly located at the positions that are expected from the er= 100 fs (about 15 cycles [Note thatK,=0 is a special
ergy conservation requirement_ case of the general probablllty denSW(KX,Ky,KZ); the

When the laser frequency decreases further, the 100-fnetic energy of the detached electronEig=K?/2.] One
pulse has fewer and fewer oscillatiofsee Figs. @)—9(f)]. sees clearly the two-photon detachment peaks that are lo-
The corresponding H detachment probability density de- cated on the “energy conservation circle” defined bfK3
creases, and instead of double peaks one finds in Figs: K§)=2w—lp. As expected, there are no peaks inside the
10(d)—10f) many peaks. A very interesting feature in Fig. energy conservation circle for two-photon detachment. The

2. Pulse duration dependence of Hdetachment
for fixed laser frequency
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W(K,,K=0,K,) frequency by more than 10% or so have amplitudes at least
four orders of magnitude smaller. For shorter pulse enve-
lopes, however, the width of the carrier frequency compo-
nent increases and the amplitudes of other frequency compo-
nents increase. While these higher frequency components are
still very weak compared to the carrier frequency compo-
nent, they may not be weak compared to the amplitude for a
two-photon process at the carrier frequency.

In Fig. 11(b) we show results for a pulse envelope Tof
=50 fs. For this case the carrier frequency component of the
laser pulse is broadened, but not so much as to overlap the
one-photon threshold. Therefore the main process observed
is still two-photon detachment, as in Fig.(&l Because the
laser pulse is shorter by a factor of 2 from that in Fig(al,l
the amplitude of the two-photon detachment probability den-
sity is smaller by roughly a factor of 4. All features of the
two-photon energy conservation circle are present, as dis-
cussed above for Fig. 1d); the three-photon detachment
process is also observed. What is new here is a small ring of
detachment probability inside the two-photon energy conser-
vation circle. Our Fourier analysis of our pulse identifies this
innermost ring as due to a frequency component that peaks at
a frequency ofw=0.0292 a.u., which is just above the one-
photon detachment threshold at 0.027 751 a.u. Although the
amplitude of this component of our pulse is nearly four or-
ders of magnitude smaller than that of our carrier wave fre-

i
‘\ “HL‘W‘H‘
| ‘H w\

'l
Il
| ““\M lewﬂﬂ

L4 gquency component, the carrier wave component is below the
12 i one-photon detachment threshold. The innermost ring is
“ therefore only visible because it is producing one-photon de-
0.8 . -
0.6 tachment and is being compared to the two-photon process
‘ (© produced by the carrier wave frequency component.

02 g “ . 0.3 In Fig. 11(c) we show results for an even shorter pulse
. envelope havind =25 fs. In this case a Fourier analysis of
K, (au) our pulse shows that the carrier wave frequency component
of the laser pulse is so broad that the high-energy portion of
the carrier wave frequency component lies above the one-

FIG. 11. The detachment of Hby ultrashort laser pulses, with photon threshold. This greater width of the carrier wave fre-
different pulse durations(a) 100 fs, (b) 50 fs, and(c) 25 fs. The  quency component is exhibited in the greater width of the
laser central frequency is the same for all three cases: peaks along the two-photon energy conservation circle. Now,
=0.022 a.u. however, there exist two twin peaks in the vicinity Kf

=0 (i.e., along the laser polarization axithat arise from
dominant peaks for two-photon detachment lie along the laone-photon detachment. Because of the Wigner threshold
ser polarization directiofi.e., thez axis, for whichK,=0).  law, the detachment probability density is precisely zero at
However there exist also two other small peaks appeariné’]e One-photon threShO|d, but rises above threshold. As the
perpendicular to the axis (i.e., havingk,=0). Notice also ~ central frequency component amplitude drops sharply with
that on the energy conservation circle there exist some ver§nergy above threshold, these peaks are well localiaed
deep “valleys” in which the detachment probability density K;=*0.0488 a.u.), as shown in Fig. (tL Note finally that
is close to zero. The peaks perpendicular to the laser polapere we have a situation in which the amplitude of the one-
ization axis as well as the minima along the energy conserPhoton detachment process is comparable to that of the two-
vation circle may be understood as arising from interferenc@®hoton process.
betweens-wave andd-wave final-state electron channels
populated by two-photon transitiorf$3,54. Note finally
that the energy conservation circle for three-photon detac
ment is also visible in Fig. 14&).

For shorter pulse envelope durations it is necessary to The coherent control scheme we investigate here consists
take into account the fact that our pulse is of finite durationin using a static electric field to reflect a detached electron
For T=100-fs pulses, as shown in Fig. (&}, this was un- wave packet back to the origin, whereupon a second pulse is
necessary: as a Fourier analysis of our finite pulse shows, farsed to produce a second electron wave pa¢geherent
T=100 fs, frequency components differing from the carrierwith the firsh that overlaps and interferes with the reflected

'0.2 _0. 1
K, (a.u

h- C. Coherent control of H™ detachment using single-cycle
pulses and a static electric field
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-06 -03 00 03 06 -06 -03 00 03 0.6 electric fieldEg= 60 kV/cm, with the second pulse phase shifted by
Momentum K, (a.u.) Momentum K, (a.u.) o and delayed by=550 fs with respect to the first one. Each pulse

has the same duration d=50 fs and a maximum amplitude of

FIG. 12. The H detachment probability densitW(K,=K, 5x 10 V/em. All fields are polarized along theaxis.
=0K,) [cf. Eq. (24)] along thez axis for the case of single-cycle
pulses.(a) and (b) indicate the two single-cycle pulses, which are transition-probability densities are plotted in Figs(d2and
phase shifted byr with respect to each other. Both pulses have the12(d), respectively. From Fig. 12) we see that nearly all of
same frequency«=0.0046 a.u.) and the same durati® 9. (c)  the electrons produced by the laser pulse in FigajlBave
and(d) show the transition-probability density as a function of elec- negative momenta in the range0.4<K,=<0.0 a.u., while
tron momenturK,, corresponding, respectively, to fiel¢® and  those detached by the-shifted pulse in Fig. 1), shown in
(b). Fig. 12d), are ejected in the opposite direction with positive

momenta primarily in the ranges9K,<0.4 a.u..

one. This scheme has been investigated for the case of many- Thus, if a static field is applied to reflect the electron wave
cycle, short laser pulses both for Hietachmenf23,24 and  packet produced by the laser pulse in Fig(@dack to the
for highly excited Rydberg state wave packi@6,37. Aswe  origin, then a time-delayeds-phase shifted second pulse
have discussed above, the outgoing electron wave packesémilar to that in Fig. 12) can be used to produce a second
generated by a many-cycle laser pulse move outward in botBlectron wave packet that overlaps the reflected one. Both
directions along the laser polarization axis. So, in principlewave packets will move in the same direction and will inter-
only 50% of outgoing wave packets can be reflected back téere either constructively or destructively with each other,
the origin by a static electric field. With this scheme thedepending on the time delay. Therefore, one can control the
maximum modulation of the total detachment cross sectiofd ™ detachment probability by controlling the time delay be-
depends also on how much time it takes for an electron wavéveen the two pulses.
packet to reach the static electric-field potential barrier, be To demonstrate coherent control of the Hletachment
reflected, and then return to the origin. The longer this exprocess, we combine the above single-cycle pu[$egs.
cursion takes, the greater the spread of the wave packet in tie&(@ and (b)] with a static electric field; ther-shifted sec-
direction perpendicular to the laser polarization axis, andnd single-cycle pulse is delayed with respect to the first by
hence the smaller the overlap with the electron wave packet time 7. The field of the combined single-cycle pulses is
produced by a second pulse from the ground state. For thBustrated in Fig. 13 for the case o550 fs. The electron
laser pulse and static field parameters employed in [R28. wave packet produced by the first single-cycle pulse moves
and[24] modulations of the H detachment cross section of along the negativ&, axis and is reflected by the potential of
2% and 10%, respectively, were predicted. In contrast, a fewa negative static electric fiels. Fig. 14 illustrates this re-
cycle pulse can generate electron wave packets moving in fiection for the case dEs= — 60 kV/cm. In Fig. 14 the solid
single direction, as indicated in Fig. (0 Thus, a static field line represents the electron wave pack&typ(p,,t)|? [cf.
can reflect in principle the entire detached electron waveeq. (27)] generated by the first single-cycle pulse as a func-
packet back to the origin, thereby doubling the potentialtion of timet. For reference, the dashed line represents the
modulation of the H detachment probabilityall other fac-  electron wave packet that will be produced at some later time
tors being equal For the parameters considered below, few-7 by the second £-shifted laser pulse; this second wave
cycle pulses can increase the modulation of the detachmeptcket is shown at fixed time=50 fs, i.e., at the end of the
probability (as compared to many-cycle pulsegell beyond second pulse. One sees in Fig. 14 that at the end of the first
this factor of 2. single-cycle pulséatt=50 fs) the electron wave packet pro-

Consider therefore two nearly single-cycle pulses, eaclduced by this pulséi.e., shown by the solid linds moving
having a duration of 50 fs, a frequency equal &@ to the left(i.e., with negative valuep,). As the time in-
=0.0046 a.u., and a relative phasemfthe two pulses are creases this wave packet is first slowed by the static field
shown in Figs. 1) and 12Zb). The corresponding (i.e., located at smaller negative valuespgj, and then re-
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FIG. 14. The solid line in each panel shows the electron wave
packet| W p(px=py=0, p,,t)|> produced by the first single-cycle
pulse in Fig. 13 plotted v, for six values of time, 50 fs<t
<550 fs. This wave packet is slowed and then reflected by th
potential of a static electric field of strength60 kV/cm. For ref-
erence, the electron wave packet produced by the secon
(7r-shifted pulse shown in Fig. 13 is shown by the dashed line at
the fixed timet=50 fs in each panel. tum range 0.18 a.&K,<0.2 a.u. In contrast, Fig. 16)

shows constructive quantum interference in this same mo-

flected(i.e., taking on positive values qf,). By the timet ~ mentum region for the case=638.3 fs. In Fig. 1) we
=550 fs the electron wave packet produced by the firsPlot the detachment probability density for momenta in the
single-cycle pulse overlaps the region of momentum spacEnge 0.16 a.&sK,=<0.22 a.u. and laser-pulse separation in
occupied by the wave packet produced by the second singlébe range 632 fs 7<640 fs. One observes many oscilla-
cycle pulse. This means that if the second pulse is delayetions in the probability density owing to constructive and
with respect to the first by=550 fs, then one can expect destructive interferences. For valueskof outside the range
interference between the two wave packets, thus allowinghown in Fig. 16, the magnitudes of the oscillations in
one to control H detachment by tuning the time delay W(K,=K,=0K,) decrease because the electron wave pack-

Using our generalized Keldysh-type formalism, we haveets produced by the two laser pulses only partially overlap
calculated the total detachment probabilRy{cf. Eq. (25)]]  (see, e.g., Fig. D4 In general, asr increases a particular
for the above-described coherent control scheme as a fungeak in the pattern ofV(K,=K,=0K,) produced by the
tion of the time delayr between the two single-cycle pulses. first laser pulse overlaps in succession with the different
Our results are shown in Fig. 15. One sees thgt by vgr.ying,eaks in the pattern oV(K,=K,=0,K,) produced by the
the time delay7 the total detachment probability exhibits second laser pulse.
Ramsey fringe$55,36,37 because the phase difference be-
tween the two electron wave packets is sensitive to the time
delay between the two single-cycle pulses. The modulation,
which is defined as the ratio of the change from maximum to Unlike the situation of many-cycle long pulses, the abso-
minimum to the maximum detachment probabilig3], at- lute phase of a few-cycle pulse with respect to its temporal
tains a magnitude of nearly 30% far=640 fs. (This time  envelope turns out to be importdi®,25,56—60. In fact, the
delay agrees with the prediction of a one-dimensional clasabsolute phase of a few-cycle pulse determines the field con-
sical calculation for the electron reflection time for an elec-figuration inside the pulse envelope. Thus, one may expect
tron detached by the first pul$&his 30% modulation of the this phase to be an additional control parameter for dé-
H™ detachment probability is far higher than the 10% modutachment when a few-cycle laser pulse is employed. We
lation obtained in the analysis of R¢R24] using many-cycle demonstrate this fact in Fig. 17, which shows the ¢tetach-
pulses and the same kind of coherent control scheme. ment probability[cf. Eq. (25)] as a function of the absolute

In Fig. 16 we show the transition-probability density phase¢ of the essentially single-cycle pulse shown in Fig.
W(K) [cf. Eq.(24)] as a function of electron momentuy  12(a) for ¢=0° and in Fig. 1) for ¢=180°. One sees
for values of the time delay close to 640 fs. In Fig. 1@), that the H detachment probability density varies between
the time delay is equal to=636.2 fs. One sees that the =2.33x10 * and =6.15<10 * as the phase of the pulse
electron wave packets interfere destructively in the momenincreases from 0° to 360°. The modulati@re., the differ-

FIG. 15. The total detachment probability of Hor laser pulses
of the form in Fig. 13 plotted as a function of the time delay
between the two single-cycle pulsgs) 540 fs <7<740 fs; (b)
?arger scale view of the region of the maximum (&: 634 fs<r
§646 fs.

D. Phase control of few-cycle pulses
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lute phase of a single-cycle pulgghown in Fig. 12a) for ¢=0°
Momentum K, (a.u.) and in Fig. 12b) for ¢=180°]. The siR pulse parameters afe

=50 fs andw=0.0046 a.u., as in Figs. 1@ and 12Zb).
W(K,=0, Ky=0, K)

smaller, varying from~62% in Fig. 19a) to ~2.5% in Fig.

09 19(c).

0.8 In general, whenever a laser pulse becomes a “many-
8:2 cycle” pulse either by increasing the laser frequeribut

0.5 keeping the same pulse duratiasr by extending the pulse
8j§ duration (but maintaining the same frequencyhen one’s

8-% ; ability to modulate the H detachment probability by vary-

: p 8393 ing the absolute phaseé becomes fairly low. Clearly the

>

Delay (fs) absolute phase of the laser field with respect to the pulse
envelope is critical only for few-cycle pulses.
Many researchers have discussed how to measure the ab-
FIG. 16. H detachment probability densityW(K,=K,  solute phase of a few-cycle pul$é1]. Here, our results
=0K,) for different time delaysr between the two single-cycle showing that the total detachment probability is sensitive to

pulses in Fig. 131a) 7=636.2 fs;(b) 7=638.3 fs;(c) 632 fs<7  the absolute phase of a few-cycle pulse imply a possible
<640 fs.

6.0x10™ ()
ence between the highest and lowest probabilities divided by 5.0><10'4- /. \\ a8 ]
the highest probabilifyachieved by varyingp is seen to be 2 4. 0><10'4_ / \ / \ i
more than 60%. -4 / \ / \ ]
Consider now the dependence of this phase control on tht‘a 3. 0X104{| o NS N
laser-pulse duration and the laser frequency. In Fig. 18 weo 2010 ———— e
plot the H detachment probability as a function of the ab- = 1.2x10° TN N (b)
solute phase of the applied laser pulse for three dlfferenls L1x10° / N\ / N\
pulse durations(a) 50 fs,(b) 150 fs, andc) 300 fs. The laser g
frequency isw=0.0046 a.u. in each case. S 1.0x10° / \/ \

ta

One sees in Fig. 18 that, although the total detachmen 3 9.0x ot
probability increases with increasing pulse duration, its™ F
modulation decreases dramatically fron62% in Fig. 18a) 2.2x107
to ~10% in Fig. 18c). \

In Fig. 19 we show the dependence of phase control of  2.0x10>
H™ detachment on the laser frequency. For a laser-pulse du o 1
ration of 50 fs, results for three different laser frequencies are  1.8x10" 0 """%n " ""Tmn 186 46 2nn A
shown: (a) w=0.0046 a.u.,(b) v=0.006 a.u., andc) w 0 60 llz)(l)lasel(a;;)egrezso 300 360
=0.01 a.u. These results for changing the frequency for
fixed pulse duration are similar to those shown in Fig. 18 for F|G. 18. H detachment probability as a function of the abso-
changing the pulse duration while keeping the frequencyute phasep of the laser pulse for three different pulse duratidns
fixed. Namely, when the laser frequency increases, the maga) 50 fs, (b) 150 fs, andc) 300 fs. The laser frequency in each case

nitude of the detachment probability becomes larger, but it$s w=0.0046 a.u[To facilitate comparison on the reduced ampli-
modulation as a function of the absolute phase turns out to bi&de scale usedga) reproduces Fig. 17.

Total d
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cycle laser pulse having an amplitude<®0° V/ecm, a frequency
FIG. 19. H™ detachment probability as a function of the abso- @=0.0046 a.u., and the following phas¢swith respect to its st

lute phase of the laser pulse for three different frequenc@sw temporal envelope$=0, w/4, w/2, 3nw/4, 7, 5w/4, 37/2, and

=0.0046 a.u.,(b) @=0.006 a.u., andc) w=0.01 a.u. The laser 7/4. [Note that the laser pulse fab=0 is shown in Fig. 1@);

pulse duration is 50 fs in each caf€o facilitate comparison on the that for ¢= is shown in Fig. 1&)].

reduced amplitude scale usdd) reproduces Fig. 17.

also proposed a scheme for controlling negative ion detach-
means to measure it. In particular, the pattern of the detachaglent using two single-cycle pulses having opposite phases
electron distribution as a function &f, depends sensitively together with a weak static electric fieltb reflect back to
on the absolute phase of a few-cycle pulse. This can be seeRe origin the electron wave packet produced by the first
in Fig. 20. By analyzing the interference pattern of the de-single-cycle pulse By use of this coherent control scheme,
tached electron spectrum in momentum space, one can as§fpdulation of negative ion detachmefas a function of the
ciate a particular absolute phase of the few-cycle laser pulsgme delay between the pulsdsy about 30% has been dem-
with a particular patterniRecall that the single-cycle pulse gnsirated, which is far higher than predicted previously for
produces an interference pattern that is similar to that prog,is scheme with use of many-cycle pulses. The transition
duced by two half-cycle pulses, as shoyvn in '.:ig:)q_ One from single-, to few-, to many-cycle pulses has been ana-
se_ers] that the patrt]iin_foor any pr;aﬁaw IS a r’?lrror: |m:;1]ge lyzed as the laser frequency and the pulse duration are var-
gvfwresgf;tf% t(ané;_g);)g t%etreee?(?st:e\:gluzrst dz pfoarlse ied. Owing to the finite width of short-laser pulses, we have
WhiCh' the probability is close to zero. ForQp< aIIZvaI- demonstrateq 'that itis poss.ible to have two-photon detach-
ues ofK, are possible. Fors< /2 (respectivelyd> /2) ment probabilities of magnitudes comparable to those of
the “fine structure” of maxima and minima appear to the left s!ngl_e-p_hoton detachmerfwhen the tail of the frequency

distribution of the pulse overlaps the one-photon threshold

(respectively to the rightof the peak of the probability dis- . _ :
tribution for ¢p= /2. Also, for = /2 and 37/2 the prob- Finally, we have shown the importance of the relative phase

ability distribution has only ripples, but no deep minima. of the carrier wave relative to.the pulse envelope for few-
(There does appear to be a shallow minimum at the center &cle pulses and the effects this phase has on detached elec-

the distribution) tron momentum distributions. All of our predicted results
were carried out for the H negative ion; however, qualita-
IV. SUMMARY AND CONCLUSIONS tively our predictions apply quite generally to detachment by

short pulses of any negative ion haviggtate valence elec-

In this work we have carried out and presented an extengons. Our expectation is that similar results will obtain also
sive study of negative ion detachment using few-cyclefor short-pulse detachment or ionization of any target spe-
pulses. Primarily for the purpose of being able to treat halfjes.
cycle pulses, we have extended the usual strong field,

Smatrix theory treatment used extensively by others to treat

the case in which the vector potentiall is nonzero at the end of ACKNOWLEDGMENTS

the pulse. Our numerical and theoretical analyses of the half-

cycle pulse detachment process, particularly for the case in The authors gratefully acknowledge useful discussions
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