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Control of photodetachment through a two-color low-frequency field

S. Bivona, R. Burlon, and C. Leone
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Viale delle Scienze, 90128 Palermo, Italy
~Received 7 July 1997!

We propose a photodetachment scheme for observing interference effects caused by the simultaneous action
of a two-color low-frequency field with commensurate frequencies during the photodetachment event. By
changing the relative phase of the low-frequency fields, considerable modifications are found to occur in the
angular distributions of the photoelectrons as well as in their energy spectra. Some properties of the photo-
electron angular distributions are discussed, and the extension of the energy spectra as a function of the
low-frequency radiation parameters is evaluated.@S1050-2947~98!50101-1#
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The availability of coherent tunable sources has stim
lated the study and the use of quantum-mechanical inte
ence for controlling amplitude probabilities of processes
volving the same initial and final states of atomic a
molecular systems. In the last few years, two-color ph
control of multiphoton ionization has been investigated b
experimentally and theoretically. By varying the relati
phase of the two fields, different pathways of excitation co
necting the same initial and final states may interact, giv
rise to modulation of the amplitude probability of the ioniz
tion process. Experiments involving absorption of two ph
tons of frequencyv and one photon of frequency 2v have
been carried out by Baranovaet al. @1#, who measured
modulation of the photocurrent versus the relative phase
the radiation fields, as well as polar asymmetry of the ejec
photoelectrons. Asymmetries in photoelectron angular dis
butions have been found in two-color ionization of atom
rubidium @2#. Analogous results have been found in abov
threshold ionization~ATI ! experiments of krypton@3#, where
the atoms were submitted to the simultaneous action o
radiation field of frequencyv and its second harmonic. It i
well known that in ATI experiments, carried out with
single color laser, the electron may be ejected after the a
has absorbed more photons than the minimum required t
ionized. The energy spectra of the photoelectrons sh
peaks that are evenly separated by a quantity\v equal to the
energy of the ionizing photon, denoting that the continuum
structured by the presence of the radiation field. Whe
second radiation field with a commensurate frequency
added, different pathways leading the atom to the same
state may interact. For each channel of ionization charac
ized by the different number of photons exchanged, the
sult of this interaction, as shown by the experiments carr
out by Schumacheret al. @3# gives rise to angular distribu
tions of the photoelectrons that exhibit polar asymmetr
that may be controlled by the relative phase of the two
diation fields.

A different scheme of excitation for observing interfe
ence in two-color experiments involving atomic states lyi
in the continuum has recently been proposed by Ven
et al. @4#. In this scheme the ionization process results fr
simultaneous exchanges~either emission or absorption! of
low-frequency photons of a radiation field and the absorpt
571050-2947/98/57~1!/16~4!/$15.00
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of one photon of its high-order harmonics. Recently, t
study of multiphoton detachment of negative ions has be
subject of both theoretical and experimental interest. In p
ticular, experiments of two-color photodetachment of ne
tive chlorine ions by a weak field of variable frequencyhvH
in the presence of a strong microwave@5# or infrared field@6#
of frequencyvL and amplitudeEL have been carried out in
order to investigate the continuum threshold shiftD
5e2EL

2/mv2 provided by the lowest radiation field.
In the high-nonlinear regime characterized byD/hvL

@1, the curve showing the photodetachment cross sect
as a function ofvH exhibits ripples that were interprete
@5,7,8# in terms of interference of the direct photoelectr
wave and the wave that reflects from the repulsive bar
formed by the microwave field, in analogy with the explan
tion given in Ref. @9#, where the photodetachment in th
presence of a static electric field was investigated.

In all of the above summarized schemes, the atoms
ionized by the simultaneous action of two different radiati
fields having commensurate frequencies that allow the in
ference between different excitation pathways. It is the a
of the present Rapid Communication to propose a differ
scheme in which, loosely speaking, a single photon of f
quencyvH excites into the continuum a negative ion in th
presence of two linearly polarized radiation fields

EL~ t !5@E1 sin v1t1E2 sin~2v1t1d!# ẑ, ~1!

having commensurate frequencies and definite relative ph
d. Hence, the high-frequency field acts as a probe testing
continuum embedded in the low-frequency fields. By va
ing d, the structure of the continuum is changed and, co
spondingly, the energy spectra of the ejected electrons
well as their angular distributions, are expected to
strongly affected too. In fact, it is possible to show that t
probability amplitude describing the photodetachment eve
caused by the absorption of a photon of frequencyvH , in the
presence of a monochromatic low-frequency radiation of f
quencyv, is an even function of the average momentumq of
the ejected electron if an odd number of low-frequency p
tons is exchanged, provided that the initial bound state ha
even parity. It is an odd function ofq when the number of
low-frequency photons is even. Hence, the photodetachm
R16 © 1998 The American Physical Society
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differential cross sections turn out to be invariant under
transformationq→2q. If a second field of double frequenc
2v is added, the active electron may be ejected through
ferent routes. In each of them different combinations of
number of photons of frequenciesv and 2v may be ex-
changed leading to the same final state. The resulting tra
tion amplitude will be a coherent sum of partial transiti
amplitudes; each of them, being connected with one of
possible routes, is an odd or an even function ofq. There-
fore, the angular distribution of the photoelectrons may t
out to be not invariant under the transformationq→2q.

In our model, the electron is assumed to move in a ze
range potential

V~r !5
2p

b
d~r !

]

]r
~2!

that supports only a bound state with energyI 05
2(b2/2m), which, in our calculation, will be chosen to b
equal to20.75 eV, the binding energy ofH2. The field-free
ground state is taken as

w0~r !5BF b

2pG1/2 exp~2br !

r
, ~3!

whereB is an empirical constant equal to 2.651/2 ~see Ref.
@10#!. The theory of the ionization of atoms or the photod
tachment of negative ions by a weak electromagnetic field
relatively high frequency~HF! vH , which may be treated
perturbatively in the presence of a strong low-frequency fi
~LF!, has been developed elsewhere@11#. The extension to
the case in which the photodetachment takes place in
presence of the field defined by Eq.~1! is very straightfor-
ward. Thus we quote the basic formulas giving the proba
ity amplitude of the process in which the electron is detac
in a single step after absorbing one high-frequency photo
energyhvH and exchangingn1 andn2 low-frequency pho-
tons of frequencyv1 andv2 , respectively~hereafter atomic
units will be used!,

Tn1 ,n2
~qf ,d!

5
exp~ in2d!

~2p!2 E
2p

1p

daE
2p

1p

db f n1n2
~a,b!M ~qf ,a,b!,

~4!

with qf the canonical momentum of the ejected electrona
andb the phases of the LF fields,

f n1n2
~a,b!5expH 2 in1a2 in2b1 ilq~a,b!1 ir~a,b!

1 i
E1E2

v1
22v2

2 Fsin~a1b!

v2
2

sin~a2b!

v1
G J ,

~5!

M ~qf ,a,b!52 iB
Ab

p

@qf1KL~a,b!#• ẑE0H

$b21@qf1KL~a8b!#2%2 , ~6!
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KL~a,b!5FE1

v1
sin a1

E2

v2
sin b G ẑ, ~7!

the oscillating momentum imparted by the bichromatic
field to the electron,

lq
L~a,b!5qf•KL , ~8a!

r~a,b!5
E1

2

8v1
2 sin 2a1

E2
2

8v2
2 sin 2b, ~8b!

qf
2

2
5vH1n1v11n2v22uI 0u2D12D2 , ~9!

the drift energy of the electron, andD1 andD2 the pondero-
motive potential shifts due to the field components at f
quenciesv1 andv2 , respectively.

To arrive at Eq.~4!, the weak HF field has been treate
perturbatively and the final continuum states describing
ejected electron have been approximated by the nonrela
istic Volkov wave function taken, in theE gauge, as

F f~r ,t !5
1

~2p!3/2 exp$ i @qf1KL~v1t,v2t1d!#•r%

3expH 2
i

2 E t

@qf1KL~v1t8,v2t81d!#2dt8J .

~10!

Equation~6! corresponds to the usual photodetachment m
trix element describing the ejection of an electron with m
mentum qf1KL(t), and E0H is the amplitude of the HF
electric field taken as

EH5 ẑE0H sin vHt. ~11!

Equation~4! has been obtained for the arbitrary value of t
ratio v2 /v1 . It is very easy to show that whenv2 and v1
are incommensurate, the transition amplitude, un
the transformation qf→2qf , modifies as Tn1,n2(qf)
→(21)n11n211T(2qf). Therefore, the photodetachme
probability results in being invariant under the inversion
qf , and independent of the relative phased. Below we con-
centrate our attention on the case whenv252v1 . Under this
assumption, the same final electronic state may be real
by the interferences of all the possible pathways in which
numbersn1 and n2 , associated, respectively, with the pr
cess in which photons of energyv1 and v2 are exchanged
combine, givingn112n25N. Hence, the probability ampli-
tude that the electron absorbs one HF photon and excha
the energyNhv1 with the bichromatic field may be ex
pressed as the following coherent sum:

TN5(
n2

TN22n2 ,n2
~qN ,d!, ~12!

and the corresponding differential cross section is obtai
as



Eq
o

on
ty
a

le
en

n
xim

s

e
n-

L
th
o

ed

put

nts

-
um

nt
al

own
in
by

e
fo

-

s

RAPID COMMUNICATIONS

R18 57S. BIVONA, R. BURLON, AND C. LEONE
ds~N,d!

dV
516p2

vHqN

c
uTNu2, ~13!

with

qN
2

2
5N\v11\vH1I 02D12D2 , ~14!

the drift energy of the ejected photoelectrons, andD11D2
the continuum threshold shift of photodetachment. From
~14! it follows that the energy spectra consist of a series
peaks evenly separated by the energyv1 . Figure 1 shows
one of these spectra obtained by integration of Eq.~13! over
the solid angle, for a given value of the HF energy phot
two different values ofd, and the same value of the intensi
of the LF bichromatic field components. We remark th
considerable modifications occur when the value ofd is
changed from 0 top/2. For d5p/2 the energy spectrum
shows a pronounced, narrow maximum when the photoe
tron absorbs by the bichromatic field such an amount of
ergy Nv1 almost equal toD11D2 . At roughly the same
energy, the energy spectra calculated ford50 show a mini-
mum, while two maxima located, respectively, at lower a
higher energy appear. The energy separation of such ma
increases by increasingvH . A further distinctive feature of
the energy spectra is the onset of a plateau whose exten
is determined, at fixed value ofvH , by the relative phased
and the ponderomotive shiftD11D2 . Calculations not re-
ported here show that, by summing overN the cross sections
shown in Fig. 1, results are obtained that are almost indep
dent of d. Their differences become vanishing small by i
creasingvH . In fact, independently ofd, whenvH increases,
the oscillating momentum imparted to the electron by the
field eventually becomes a small quantity compared to
drift electron motion, and the phase effects lose their imp
tance on the total yield. Instead, forvH near the photoion-

FIG. 1. Photodetachment cross sections~PCS! versus the pho-
todetachment channel, evaluated atvH51.5 eV, for two different
values of the relative phased of the LF fields. The calculations hav
been carried out at the same value of the LF field amplitudes
v150.01 eV andv252v1 . The intensity of both the LF field com
ponents has been taken equal to 23107 W cm2. The lines are a
guide for the eye: thin line,d5p/2; thick line, d50. The
amount of energy the photoelectrons exchange with the LF field
given byNv1 .
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ization field-free threshold, the total cross sections summ
over N are appreciably modified byd.

In order to better illustrate some of these features, we
Eq. ~12! in the following form, valid forv252v1 :

TN5
1

2p E
2p

1p

expH 1 iNa1 i
z~a,d!

v1
J M̃ ~qN ,a,d!da,

~15!

with

z~a!52S qN
2

2
1D11D2Da1 1

2 Ea

@qN1K̃L~a8,d!#2da8,

~16a!

M̃ ~qN ,a,d!5M ~qN ,a,2a1d!, ~16b!

K̃L~a,d!5KL~a,2a1d!. ~16c!

The main contribution to the integral comes from the poi
of stationary phase satisfying

1
2 @qN1K̃L~as ,d!#25vH2uI 0u, ~17a!

from which it follows that

qN cosq1K̃L~ad!

56A2@~vH2I 0!cos2 q2~Nv12D!sin2 q#, ~17b!

whereq denotes the angle betweenqN andz, and the signs
on the right-hand side of Eq.~17a! are respectively associ
ated with the values the projection of the kinetic moment
of the photoelectron along thez axis takes atv1ts5as . For
the values ofvH taken under consideration in the prese
paper,vH.I 0 , as may become real or complex, the integr

FIG. 2. Differential cross sections~DCS! of the photoelectrons
emitted into the channel characterized byN55 for two different
values of the relative phased: thin line, d5p/2 ~this distribution,
when integrated over the solid angle, gives rise to the peak sh
in Fig. 1!; thick line, d50. Radiation field parameters are as
Fig. 1. Note the asymmetries in the angular distribution shown
the curve evaluated atd50.
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of Eq. ~15! becoming vanishing small in the latter case. Th
certainly happens when the square root@Eq. ~17b!# becomes
imaginary, i.e., when the values ofq fall into the angular
interval defined by

tan2 q.
vH2uI 0u

Nv12D12D2
. ~18!

Therefore, in this interval, whose extension turns out to
independent of the relative phased, the differential photode-
tachment cross sections are expected to be very small. T
properties are made evident in Figs. 2 and 3, which sh
differential cross sections obtained by numerical evalua
of Eq. ~15! for d equal to 0 andp/2. It is to be noted that the
angular distribution of the photoelectron, as well as the to
cross sections resulting from angular integration of Eq.~13!,
are strongly affected by the variation ofd. Moreover, ford
50 the angular distributions result in being asymmetr
whereas atd5p/2 they are invariant under the transform
tion qN→2qN . By Eq.~17! it is also possible to estimate th
cutoff energy of the plateau that is established in the ene
spectra. For realas , the maximum value ofqN is obtained
when the canonical momentum is antiparallel toKL . Its
modulus is very easily found to be

FIG. 3. As in Fig. 2 forN523. For this channel the highes
value of the total cross sections occurs atd50. The extension of the
angular interval in which the differential cross sections practica
vanish is independent ofd.
.
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qN5A2~vH2uI 0u!1KLM , ~19!

where KLM is the amplitude of the quivering momentu
imparted to the electron by the LF fields. Values ofq greater
than the one given by the above relation are obtained o
for complexa, when the photodetachment amplitude pro
ability becomes very small. Substitution ofqN in Eq. ~14!
allows us to determine the values ofN beyond which the
photodetachment cross sections fall by orders of magnitu
Moreover, provided that (2vH2uI 0u)1/2.KLM , by replacing
KL with 2KL in Eq. ~18! and substituting the resulting valu
of qN in Eq. ~14!, a value ofN is found that roughly deter-
mines the lower limit of the energy spectrum. Hence,
extension of the photoelectron energy spectrum bey
which the values of the cross section fall by orders of m
nitude is approximately estimated to be~in units of v1!

DN.
2

v1
A2~vH2uI 0u!KLM . ~20!

For the cross sections shown in Fig. 1, the lower and up
values ofN estimated by means of Eq.~14! become, respec
tively, N5241 and 68 ford5p/2 andN5246 and 79 for
d50, in very good agreement with the numerical evaluat
carried out by substituting Eq.~15! in Eq. ~13! and by suc-
cessive integration over the solid angle.

In conclusion, we have proposed a photodetachm
scheme for observing interference effects induced by
combined action of a low-frequency radiation field and
second harmonic. The extension of the energy range of
photoelectron energy spectra, as well as some properties
cerning the angular distribution of the electrons, are found
be strongly affected by the relative phases of the fields.
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