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dc Field-Induced, Phase and Polarization Control of Interference
between One- and Two-Photon lonization Amplitudes

N. L. Manakov! V.D. Ovsiannikov! and Anthony F. Staraée
'Physics Department, Voronezh State University, Voronezh, Russia, 394693
2Department of Physics and Astronomy, The University of Nebraska, Lincoln, Nebraska 68588-0111
(Received 12 January 1999

We demonstrate that a weak, static electric field enables nearly complete coherent phase control
of the total ionization yield in a two-color ionization process using fundamental and second-
harmonic radiation. The static electric field induces a dipole-forbidden resonance in the two-
photon transition amplitude so that the final photoelectron states are identical to those in a single
photon transition. We demonstrate also a phase controllable circular dichroism effect in the total
photoelectron yield. Experimental realization of this process using alkali metal atoms is discussed.
[S0031-9007(99)09357-6]

PACS numbers: 32.80.Fb, 32.80.Qk, 32.80.Rm

Coherent control of atomic and molecular processes haStatic-field-induced CD in a two-photon, dipole-forbidden
blossomed in the past decade, with two major approachebound-bound transition was recently predicted [11].
one focused on manipulating the interference between al- We propose here the use of a static electric field
ternative transition amplitudes generated by a two-coloto achieve nearly complete phase control of the total
laser field [1], and the other on manipulating electronic orionization yield for a bound-free transition resulting
vibronic wave packets produced and controlled by shorfrom interference of a resonantly enhanced, two-photon
laser pulses [2]. The two-color approach encompassesteansition and the corresponding one-photon transition
variety of pairs of interfering amplitudes, which differ in induced by a second-harmonic photon. We demonstrate
the kinds of transitions and in the extent of possible conalso circular dichroism in the total ionization yield. We
trol. One kind is interference between a dipole-allowedexamine such a process for the alkali metal atoms, for
three-photon transition and a one-photon, third-harmonievhich the active electron is initially in an state, and for
transition [3]. As some of the allowed final states for thewhich the dc field induces a dipole-forbidden resonance
two transitions are the same, control of at least some ah the two-photon transition with an intermediatstate.
the total ionization yield is possible, but nb20%. Also, Specifically, consider ionization of an alkali metal
for weak laser fields, the three-photon amplitude is smallatom from its ground|ns) state by two laser beams
unless enhanced by an intermediate state resonance. Anith frequenciesw; = » and w, = 2w, such thatw =
other kind is interference between a two-photon transitiorw,, — A, where A, the resonance detuning, is of the
and a one-photon, second-harmonic transition [4]. Foorder of the widthI" of the excited leve|n's). The two-
electric dipole transitions only the angular distribution of photon ionization by the field
photoionized electrons can be coherently controlled: as the o .
final states have different parity, there is no phase control Fi(r.1) = FiRefe exi(ky -1 — ot + o)} (1)
of the total ionization yield, at least for weak laser fields.and the single-photon ionization by the field
[For strong fields, ponderomotive potential and other ef- _ .
fects are important [5]; phase control of above-threshold- Fa(r.1) = FyRefe; exfli(ky - v = 201 + )]} ()
ionization spectra using a laser and its second harmonigoth result in electrons with the same enerfiy= 2w —
has been achieved [6].] This scheme has been applied alép where! is the ionization potential. We assume ion-
to control electron motion in semiconductors [7]. A third ization without core excitation, which is the usual case
kind is interference between two two-photon, two-colorfor optical or ultraviolet frequencies. As the photoelec-
transitions, with each enhanced by an intermediate resdrons resulting from one-photon and two-photon ioniza-
nance state [8]. Since the final states are identical, contraéion have different angular momenta, interference between
of the total ionization yield is possible. However, realiza-the two routes to ionization shown in Figs. 1(a) and 1(b)
tion of this scheme depends on the availability of suitablgfor weak fields) may be observemhly in the photoelec-
laser frequencies and systems having appropriate interm&on angular distribution[4]. This interference cannot in-
diate energy levels. The use of static electric fields to miXluence the total ionization yield, which is a sum of the
levels of opposite parity in such a scheme has recentlgeparate one-photon and two-photon ionization yields,
been investigated for two interfering, dipole-quadrupole with the former corresponding to d& p) final state and
two-photon transitions [9]. Finally, the use of laser po-the latter to a combination dEs) and|Ed) final states.
larization and, in particular, circular dichroism (CD) toin- A static field Fy = Fyeq, together with the two-color
vestigate and control atomic transitions is growing [10].radiation, induces the third-order resonant path shown
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Es. d) 57— Fom E Every rate in the sum (3) may be written in terms of
|E's,d) |Ep) : ; . .
field amplitudes and radial matrix elements (RME). We
designate by, = (Ep|r|ns) the RME for the one-photon
transition from the initial state intp states of the contin-
N |n’s) uum, R = (Es(_a_’) Irgf”"“”rlns) designates that for the
w w|Fy two-photon transition from the ground state into continuum
s and d states, and, in the resonance approximation, the
third-order RME of the dc field-induced patt) (splits into
|ns> the product ofR,,; = <n’s|rgf"’+“’r|ns), the RME for the
(a) (b) (c) second-order excitation transition into the resonant state,
andRr,, = (Ep|r|n’s), the first-order RME for the ioniza-
FIG. 1. Energy level schematic showing possible pathwaysion transition from the resonant state. H@tfe(r;r’) is
for one- and two-photon ionization. the radial Green’s function for the valence electron in a
) ) ) ] ) subspace of states with angular momentursee, e.g.,
in Fig. 1(c). For Fo of order I' in a.u. (i.e., in the Ref. [12]).
range of 10 to1000 V/cm, depending on the extent  The transition rates for the three ionization routes may
of collisional broadening of the resonant state, wherge \ritten in terms of the RME’s as follows:
typically I' = 0.05-5 ueV) significant enhancement of

the two-photon ionization rate occurs. In addition, the W = mFi [llsz + 2(3 — llz)Rﬁ] (4)
field-induced resonant amplitude interferes with that of : 72 ! 5 ’

the first-order process [cf. Fig. 1(b)]. Thus, the total » wF3 5

ionization probability of an atom in a dc field by the laser Wr = = Ry: ()
fields in (1) and (2) has contributions from the three distinct g2 (RUR,)

ionization routes indicated by Figs. 1(a)—1(c), as well as Wﬁc)p _ mEFy ptn's le, - eol2.  (6)
from an interference between the first-order and third-order o 542 1 + 4A2/1?

gmplitudes [cf. Figs. 1(b) and 1(9)] having photoelectronsye parametel, = (e; - ;) in Eq. (4) designates the de-
in p states. Thus, the total rate is the sum of four terms, gree of linear polarization for the basic harmonic radia-
Wit = W}Jf) + W[(:}:) + W}‘U}, + W}bo})lpz, (3) tion [11]. Both phase-dependent and circular dichroism
wherea, b, ¢ correspond to the processes in Fig. 1 and efft_ects are due to the dc fie!d—induced interference term,
refers to the interference of processes&nd ). which depends on the relative phase of the two waves

¢ = 2¢1 — ¢ [cf. Egs. (1) and (2)], as follows:

2
(be) TFiFoF, - *
Werr, = 9121 + 4A2/T7) R,R, Ry - {(2A cosp — T'sing) Re(e; - o) (e - e3)]

— (2A sing + T cosp) Im[(e; - eo) (e; - €5)]}. @

Equation (7) comprises many special cases; we consider two.
Consider first linearly polarized fields, for which the term with[(e - e() (e; - e5)] in Eq. (7) disappears. For
e |les|leo, we find upon substituting Eqgs. (4)—(7) into Eg. (3) that the phase dependence of the total transition

rate (3) is
() 2 2\ 2
WE, _ 2A 4N\ (F
Wiot(p) = m |:(1 — fpsing)® + (? + fp COSSD) + 61<1 + F) (F_;> :| (8)
where 5 | total yield [given by the first two terms in square brackets
f= FoFi ) in Eq. (8)] exceeds that of the second-order two-photon
3l'F, process ¢) [given by the term with factog in Eq. (8)],

is a field- and resonance width-dependent parameter, anwh'Ch prowde_s only_a phase-independent background. In
terms of the dimensionless parameters, 2

R Ry 2 2 _2A _ _ ([ Fi
p=-—L"""and qu<Rd> [1+3<&)} @ =T B = fp, and 7=q<F—2 , (11)

R, 15\R, 4 \ Ry
(10) we see that phase-dependent control of the total ionization
yield will be maximal fore = 8 = 1 andy < 1. Nu-
are purely atomic parameters presented in terms of theerical results for the atomic parametgraindg indicate
RME’s. Since the interference occurs only between thehat experiments with alkali metal atoms may meet these
first- and third-order processeb)(and ), corresponding conditions rather easily (cf. Table ). Therefore we ne-
effects become observable when their contribution to thglectq or v in our further discussions.
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TABLE I. Natural widthI" and parameterg andg for alkali ~ for a circularly polarized field (r, 7) [cf. Eq. (1)] may be

metal atoms. Powers of 10 are in parentheses. described by
Resonant T (a.u.) p (a.u.) g (a.u.) D — Wia(§ = 1) = Win(§ = —1)
Atom leveln’s (Ref. [15]) [cf. Eq. (10)] [cf. Eq. (10)] ! Wii(é = 1) + Wie(€ = —1)
Na 4s 0.65(—9) 2.05(4) 5.45(—1) a sine + co
K 5s 0.52(—9) 5.26(4) 1.14(—1) = '8(1 n qu n /3?0) (13)
Rb 6s 0.52(—9) 2.86(4) 4.42(-2) il O‘f L uar dichroi for th
Cs 75 0.49(—9) 3.00(4) 8.36(—2) A similar measure of circular dichroism for the

case of circularly polarized second-harmonic photons
[cf. Eq. (2)] and linearly polarized first-harmonic photons
The modulation of the total ionization yield may be bestis D, = —v2D;. Since D (¢) = —%M(go + 7/2),
expressed as the following ratio, denofdde): one sees from Fig. 2 that significant phase control of
W) — Werle — @) 2B(a cosp — sing) grszurlzrégjiﬁihnroism is also possible over a wide range of
= = : gs.
Wio(e) + Wiale — ) I +a?+p? Rotational invariance and symmetry arguments give a
(12)  petter understanding of our general result (7) and of its
For exact resonance (i.ex, = 0), Eq. (12) predictd00%  connection to results of others. First, the interference term

phase control oM () between the values Mo, where  (7) is asymmetric for opposite directions (i.e-¢) of the
Muax = 2B8/(1 + B2), as the phase varies over the rangeStatic field Fo. This asymmetry is similar to the polar
—7/2 = ¢ = +/2. Figure 2 shows the dependence ofasymmetry of the photoelectron yield, which is described
M(p) on a for four values of the phase for the case of DY @ terms e, - p in the angular distribution of photo-
B = 1. One sees that significant phase control of the totafl€ctrons with momenturp [4]. In contrast withFo, how-

ionization yield may be achieved over a rather large rang&Ver.p is time (7')-odd and hence the scalar prodagt: p
of detuning from resonance. must enter the angular distribution only together with an-

Consider now cases for which the term with[{i - pthe_rT—odd factor. In the situation consider_ed in Rgf. [41,
eo) (e; - €3)] contributes to Eq. (7); namely, those involv- I-€-; mterfere_nce between the pat_hs shown in our Flg.s. 1(a)
ing elliptical polarization of one or both photons. This and 1(b), this factor has a formsin(¢ + 6), wheres is
contribution results in a circular dichroism effect for the the difference between the continuum electron’s scattering
total ionization probability: e.g., the photoelectron yield Phases, and eitheid, or 5,. Thus, the laser phase differ-
will differ for right- and left-handed circular polarization €ncey has the same statusasboth provide phase control
of either of the two radiations when the other is linearly po-Of the process. Obviously, neglecting the electron-core in-
larized. If the second-harmonic field is linearly polarizedteraction, the asymmetry factor vanishesgor= 0 and has
perpendicular to the dc-field vectar; Leo, then Ré(e; - @ maximum atp = 77 /2 (cf. Ref. [13]). In Eq. (7) [see
eo) (e; - €3)] vanishes and Ifife; - eo) (e; - e3)] = &/2, also Eqs.. (12) anq (13)] the factors'qalrgnd co® enter
where¢ is the degree of circular polarization of the first- in 0Opposite ways in the factors multiplying Rand In,

harmonic photons [11]. Theegree of circular dichroism Wherel = (e; - eo) (e; - e2). This is easily explained,
since the combination of vectors Ris T-even and, there-

fore, theT-odd factor sip appears multiplied by the level
! ' ' ' width I, which is evidentlyT-odd also. Forp = 0 the
term with Rd is proportional toA and vanishes for ex-
act resonance. On the contrary, the dichroic terni, s
T-odd and the appropriate coefficients before it are propor-
tional to either sig or I'. Therefore, forp = 0 or at ex-
act resonance circular dichroism is completely dissipation
induced, which is similar to phase-independent, circular
dichroism effects in (one- or multiphoton) photoprocesses
with initially unpolarized targets [14]. Whea # 0, the
phase-dependent and polarization effects in the presence
of a static field lead to a variety of possible behaviors, pro-
viding great flexibility for experiments with targets having
different atomic parameters. Noteworthy is the fact that a
static field provides a one-photon resonance in the laser-
atom interaction between twe) levels, which is strongly
FIG. 2. Total ionization yield modulation functiod/(¢) forbldQen_fo_rFo = 0. For this C.ase.CIrCL."ar dichroism for-
[cf. Eq. (12)] plotted vs the dimensionless detuning parametanaIIy is similar to possible parlty-y|olat|ng effects, cqused
a [cf. Eq. (11)] for 8 = 1 and for four values of the relative DY neutral currents, etc. [15], which lead to an admixture
phasep = 2¢, — ¢, [cf. Egs. (1) and (2)]. of |p) levels to the resonart’s) level.

=14)

M(a,B
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Numerical data for the atomic parametessand ¢  before Rabi oscillation occurs. This is true for any detun-
for the alkali metal atoms, calculated according to theing, includingA = 0. Hence our formulation should be
Fues model potential method [12], are given in Table l,generally useful to experimentalists in planning experi-
together with the widthsl' of the lowest resonant  ments for coherent control of total ionization yields
levels [16]. The large absolute values of the parametewith nearly complete phase control, for exploring circu-
p enable the experimental observation of the effectdar dichroism effects on total ionization yields, and for
predicted here with achievable values of the relevant fielghossible applications in semiconductors [7].
amplitudes. For example, taking, = 3I" and requiring This research was supported in part by U.S. NSF Grant
the dimensionless paramet@ = fp to be unity, we No. PHY-9722110 and by Russian FBR Grants No. 97-
determine the ratio between the amplitudes of the a©2-16407 and No. 98-02-16111. We thank P. B. Corkum,
fields asF; =~ (1075-10"4)F, for the values ofy typical ~ T.F. Gallagher, H. A. Rabitz, and B. W. Shore for helpful
of alkali metal atoms (cf. Table 1). This relation meansdiscussions.
that if the second-harmonic field is fixed at, e.f; =
10 kV /cm then the first-harmonic field varies in the range
of F; =20-70 kV/cm. (Note thatF, ~ 3-15 V/cm [1] M. Shapiro, J. W. Hepburn, and P. Brumer, Chem. Phys.
will suffice if only the radiation width accounts for Lett. 149, 451 (1988); P. Brumer and M. Shapiro, Annu.
the dissipation of atoms from the resonant state, while 2 [Fje\;/. _'?zzﬁe?gﬁg”g i57R€(1:29?A)dv Chemn. Phye, 441
O adoune st o S ity (1969 WS Waren, . Fabiz and . D, Serce

- o - 259, 1581 (1993); B. Kohleet al., Acc. Chem. Res28,
metal atomic vapors.) The contribution of the mterfe_rence 133 (1995).
term (7) may also increase when the dc fiehd is (3] . chen, Y.Y. Yin, and D.S. Elliott, Phys. Rev. Le@4,
increased instead of’;, so that the phase-dependent 507 (1990); V.D. Kleimanet al., J. Chem. Phys102,
interference effects may appear for lower valuesFgf 5863 (1995); S. Cavalieri, R. Eramo, and L. Fini, Phys.
As one may verify from theg values in Table I, the Rev. A55, 2941 (1997).
relative contribution of the dc field-independent two- [4] N.B. Baranova and B.Ya. Zel'dovich, J. Opt. Soc. Am.
photon ionization process shown in Fig. 1(a) under the B 8, 27 (1991); N.B. Baranovat al., Sov. Phys. JETP
above-discussed conditions does not exced in any 71,1043 (1990); D.Z. Andersoet al., Sov. Phys. JETP
of the transitions presented in Table |I. (7159 521)0 \((19\3(923.; N.tB.I Bs:\anmgat al.Ii JESTQP 2|_3est25(51,94;32s;

. . . :Y.Y.Yinetal., s. Rev. Le , ;

In conclusion, we have presented a detailed analysis Y.Y. Yin et al.,Chem. Ph);s. Let241, 591 (1995).

of a means to achieve nearly complete phase control

f th | ionizati ield f b d-f . 5] K.J. Schafer and K. C. Kulander, Phys. Rev.4B, 8026
of the total Ionization yie or a bound-free transi- (1992); L. Gaoet al., Phys. Rev. A58, 3807 (1998).

tion resulting from interference of a resonantly enhanced[ﬁ] D.W. Schumacheet al., Phys. Rev. Lett73, 1344 (1994);

two-photon transition and the corresponding one-photon, ~ p.\w. Schumacher and P. H. Bucksbaum, Phys. ReS4A
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ployed to ensure that the final states reached by either of7] E. Dupont et al., Phys. Rev. Lett.74, 3596 (1995);
the two interfering paths are identical. This scheme also  A. Hachéet al., ibid. 78, 306 (1997); W. Pétzibid. 79,
permits a CD effect for the total ionization yield. Our 3262 (1997).

results are presented in the form of simple formulas for [8] S.T. Pratt, J. Chem. Phyd04 5776 (1996); F. Wang,
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