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Photodetachment of H in the presence of a strong laser field: Effects
of the laser spatial inhomogeneity
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We report on the eA'ect of the spatial inhomogeneity of the assisting infrared radiation on the two-
frequency photodetachment of H . We find that the curves showing the photodetachment cross section
as a function of the frequency change their slope at a frequency which depends on the degree of the spa-
tial inhomogeneity of the infrared illumination.

PACS number(s): 32.80.Rm

INTRODUCTION

Recently, experiments [1,2] of photodetachment of
negative chlorine ions by a weak ultraviolet field of vari-
able frequency co& in the presence of a strong infrared
field of frequency ~L and amplitude EL have been carried
out in order to measure the threshold shift due to the
presence of the assisting infrared field. The experimental
results have shown that (i) the curves of the photodetach-
ment rate versus ~H do not exhibit a sharply defined
threshold because the negative ions may simultaneously
absorb one ultraviolet and one or more infrared photons;
(ii) above the field-free threshold, the observed photode-
tachment rate is less than the field-free one and increases
by increasing co~; (iii) the slopes of the curves showing
the photodetachment cross section as a function of AH
change very suddenly when the difference between the en-
ergy of the ultraviolet photon and the field-free energy
threshold amounts to about one-third of the expected
ponderomotive shift b, =e F~ /(4m co& ).

These features have been discussed in a previous paper
[3], where we calculated the photodetachment cross sec-
tion under the assumption that the strong low-frequency
laser field was homogeneous. In particular, we showed
that the abrupt change in the slopes of the curves display-
ing the detachment rate as a function u& is due to the
opening of the photodetachment channel with no ex-
change of infrared photons, which occurs when co~
reaches the field-free threshold value increased by the
ponderomotive shift. The difference between the expect-
ed value of m~ and the experimental one has been related
to the spatial inhomogeneity of the infrared illumination
[1—3]. In fact, the negative ions that are located far from
the central region of focalization, where the infrared radi-
ation field is weaker, experience a smaller ponderomotive
shift and, therefore, may be detached after absorbing only
a single ultraviolet photon with an energy closer to the
field-free threshold.

The aim of the present paper is to study quantitatively
the effect of the spatial inhomogeneity of the low-
frequency radiation on the photodetachment rate. For
simplicity, we assume a one-electron model ion simulat-
ing the H negative ion, and use a Keldysh type approxi-
mation in the E r gauge. In this approximation, the elec-

tron is detached through a single-step process by absorb-
ing simultaneously the photons of both the radiation
fields when it is still interacting with the residual atom
[3—5]. The same physical mechanism has been recently
proposed to explain the process of excess-photon detach-
ment of negative chlorine ions [6]. In fact, the absorption
of all the excess photons must occur in a very limited re-
gion, where the electron may still exchange momentum
with the residual atom that, in turn, acts as a third body
allowing the momentum and energy conservation.

In the Keldysh approximation [7], the ejected electron
is described by a nonrelativistic Volkov plane wave, as its
interaction with the residual atom is neglected. In the
present paper, the distortion of the final state will be tak-
en into account by including the phase shifts available for
e-H(ls) singlet scattering [8]. This procedure has been
followed by Armstrong [9] in the analysis of the H pho-
todetachment and, recently, it has been reproposed by
Geltmann [10] in the study of the multiphoton detach-
ment of H . The results obtained by both the authors
are in satisfactory agreement with the experimental data.

Finally, for our purposes, the intensity of the low-
frequency laser field will be assumed to have the follow-
ing Gaussian distribution

IL(x,y, z) =IMexp( ar Iro —
) .

I~ is the maximum intensity at the best focus of the
beam, r =(x +y )' is the transverse coordinate with
respect to the direction of the laser beam propagation
that is assumed along the z axis, ro is the transverse di-
mension of the infrared beam, and a is a nondimensional
parameter characterizing the degree of the spatial inho-
mogeneity of the laser. As a rule, the intensity of the
high-frequency field, in any real experiment, is inhomo-
geneous too, and, below, the photodetachment cross sec-
tions will be obtained after averaging properly the de-
tachment probabilities over the spatial inhomogeneities
of both the radiation fields.

THEORY

Below, we outline the main steps leading to the expres-
sion of the cross section of the photodetachment in the
presence of a strong radiation field. Both the radiation
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fields are taken to be linearly polarized and directed along
Z.

When the low-frequency laser field is homogeneous and
taken in dipole approximation, the process may be treat-
ed in the framework of the quasienergy state. Then the
amplitude probability from the bound state with absorp-
tion of one photon ~H and exchange of n photons coI is
obtained as [3]

u 0( r) = (2.65b /2' )
' exp( br) —lr, (6)

b =(2mID)'

with uo(r) the spatial part of the field-free bound wave
function, which, for the attractive three-dimensional 6-
function potential, may be approximated as [9]:

A;(n)=((P (r, t)exp( —incoL t)~eEH zygo(r, t) )),
where

)) =(2'/~g) j dt( ) (2)

When the interaction between the ejected electron and
the atom is neglected, the continuum quasienergy state is
described by the nonrelativistic Volkov wave function;
accordingly, P (r, t) is written as

with 0,, the static dipole polarizability.
The dressed bound quasienergy state may be construct-

ed by the method of Ref. [11]. Accordingly, Po(r, t) may
be written as

Po(r, t) = uo(r )exp[ —(5ID /2cot )sin2coL t], (5)

I

and ( . ) indicates space integration only; EH is the
amplitude of the high-frequency field; $0(r, t) and P~(r, t)
are the periodic part of the quasienergy states, which
tend, respectively, to the field-free ionic ground state
uo(r) and to the continuum state u (r), with kinetic ener-

gy

h q /2m =hcuH+nhcoL+Ip —6+5Ip
when the low-frequency electric field is switched off; and
6Ip is the dynamic Stark shift of the bound state, which
may be approximated, at the second order of perturba-
tion, as

5Ip = cLs EI /4 (4)

P (r, t) = (2~) exp [i [QL(cot t) ].r I

Xe xpIi[A, (coL t)+p(coLt)]],

Qt (co~ t ) =q+ K~ (coL t ),
KL(coL t)= eEL /(A'coL )z coscot t,
A. (cot t) =eEL /(m cot )z qsi ncot,

p(cot t) =e Et /(8mcoJ )sin2coL t =psin2cot t .

(9)

(10)

(12)

In the field-free case, the plane-wave approximation gives
a photodetachment cross section that is too small on the
low-frequency side of the maximum and too large on the
high-frequency side [9]. This result has been improved
by using a continuum wave function that includes the
phase shifts [9]. A similar procedure may be used to take
into account the interaction between the ejected electron
and the residual atom when a low-frequency laser field as-
sists the photodetachment process. Accordingly, the
continuum quasienergy state defined in Eq. (8) will be re-
placed by

P, (r, t)=(2~)' 'g i' '(2l+ 1 )exp(i5, )»n(5, )[j,(Qt (cot t)r) iri, (Qt (coLt—)r)]
1

XexpIi [A(coLt)+,p(coLt)]]P((QL r/QLr),
l

(13)

where jI and gI are spherical Bessel and Newman func-
tions, 6& are the phases shifts calculated at the energy
A'

QL (coL t)12m, and Pt are the Legendre polynomials.
The ansatz (13) is based on the assumption that the in-

frared laser field does not appreciably affect the interac-
tion between the ejected electron and the residual atom
during the photodetachment process. Moreover, the de-
tached electron is assumed to follow the oscillations of
the infrared field without any shift. A similar approxima-
tion has been used also to construct a continuum wave
function of an electron in the presence of a Coulomb in-
teraction and a low-frequency radiation field [12],and the
obtained results are in good agreement with ones calcu-
lated with more refined treatments. Finally, we want to
point out that, while the problem of constructing the
wave function of a charged particle moving under the
joint action of a potential and an electromagnetic field is
still an open question, use of the ansatz provides a quite
easy way for calculating the cross sections of the process-

=(me q„/S~h' )
~ T„(q„,KL )

~ EH (14)

T„(q„,KL ) =I da f„(a)M(q„,Kt (a)), (15)

f„(a)=exp[ina+i A(a) —ip sin, 2a],
p=p —a, EL /(ScoL ),
M(q„,KL(a))=R(q„,KL(a))Icos5, +b[3 q(a) +b]

X sin 5
&
/2q (a )],

(17)

(18)

es of our concern.
Proceeding in the usual way, we obtain the probability

per unit time that an electron is emitted in the solid angle
dQ after absorbing one photon of frequency AH and ex-
changing n photons of frequency coL



47 BRIEF REPORTS 2403

R(q„,XL (a))=(2.65b/ir )'~ q(a) z/[b +q (a)]

q(a) =q —KL (a),
A q„/2m =n Aco&+fico~+Io —4+BIO .

(20)

(21)

The phase shifts 6, are calculated at the energy
h q (a)/2m.

Equation (21) shows that the photodetachment chan-
nel, in which n low-frequency photons are exchanged,
opens at the threshold energy given by

ir'co, „(n)= nkcoL ——Io —5IO+b, . (22)

The dynamical Stark shift, for the choice of the infrared
laser parameters, is found to be much less than the pon-
deromotive potential and, hence, it will be disregarded.

In order to account for the spatial inhomogeneity of
both the kinds of radiation fields, we have to average the
differential transition probability, given by Eq. (14). In
fact, it depends on the distance from the laser focus
through the intensities IL and IH of the low- and high-
frequency fields, respectively. Assuming for both the
fields a pulse with radius ro and Gaussian distribution of
intensity I; (x,y, z) =I~,exp( a, r /ro—) (i =L,H), the
averaged transition probability is obtained as

(
=(2/ro )f [dP (n, IL, IH )/d Q]r dr .

dA
(23)

As the ponderomotive threshold shift changes with the
distance from the laser focus, a given channel opens at
different energy thresholds co& for different values of r.
The minimum of the energy threshold occurs at r =ro,
and its value is

fico,„(n ) = n ficoL I0+—6 exp( ——a 1 ) .

Dividing Eq. (23) by the average fiux of high-frequency
photons and integrating over the solid angle, the aver-
aged total cross section of photodetachment into the
channel in which n photons of low frequency are ex-
changed is obtained as

( cr ( n, IL ) ) = f ( d o ( n, IL ) /d Q ) )d Q . (25)

The sum over all the channels gives the averaged cross
section

the laser focus. Moreover, when 6/AcoL «1 at r =0, a
perturbative regime is established in the whole region,
and the photodetached electrons are ejected after absorb-
ing few low-frequency photons. This occurs in the exper-
iment [1,2] quoted in the Introduction, and therefore we
choose to carry out calculations by assuming such laser
parameters that 6/A'coL « 1 in the laser focus.

In Fig. 1, we show averaged photodetachment cross
sections (APCS) at different values of the parameters aL
and aH with ro=100 pm (the homogeneous case corre-
sponds to the value a, =0). All the curves show a rather
abrupt change in the slope when the high-frequency pho-
ton energy starts exceeding the value Acoo =

Io —b—, exp( —aL ), which corresponds to the field-free
threshold shifted by the ponderomotive potential
b exp( —aL ) experienced by the ions at a distance ro
from the laser focus.

In fact, for coH a little larger than coo, the predominant
channel of detachment becomes the one with n =0 (see
Fig. 2), whose opening causes the sudden change in the
slope of the curves showing the averaged cross sections.
Hence, for the kind of inhomogeneity we have chosen in
the present analysis, a correspondence may be established
between the averaged cross section and the ponderomo-
tive potential experienced by the negative ions in the peri-
pheral region of illumination. In particular, assuming
aL = 1, a sizable change in the slope of the averaged pho-
todetachment cross section occurs at an energy shifted by
about one-third the field-free threshold, as in the experi-
ment of Ref. [2].

The behavior of the cross sections shown in Fig. 1 may
be explained by inspection of Fig. 3, where the photode-
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The treatment developed in the previous section is now
applied to study the effects of the spatial inhomogeneity
of the assisting low-frequency laser on the photodetach-
ment process.

In our previous paper [3], we have suggested that when
the nondimensional parameter 4/AcoL is much less than
unity, a correspondence may be established between the
ponderomotive shift and the photodetachment rates. If
the low-frequency laser field is inhomogeneous, the pon-
deromotive shift becomes a function of the distance from

%co, (ev)
FIG. 1. Averaged photodetachment cross section (APCS) as

a function of ~H for different values of the parameter aL and

aH. The dotted line refers to the case of a homogeneous il-

lumination (aL =o.'H =0). Dashed and dot-dashed lines refer to
the case a0=2. Continuous and double dotted-dashed lines
refer to the case aH=0. The parameters of the low-frequency
laser field are IL =5.6X10 W/cm and AcuL =0.2 eV. The
maximum value of the ponderomotive threshold shift is 6=0.02
eV.
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FIG. 2. Averaged photodetachment cross section (APCS)
and averaged total cross sections of photodetachment, with ex-
change of low-frequency laser field photons as a function of co~
for aH=O. The numbers on the curves denote the number of
exchanged low-frequency photons. The parameters of the low-
frequency laser field are II =5.6X10 W/cm, AcoL =0.2 eV,
and cxL =2.

tachment cross section into di6'erent channels calculated
at a fixed value of coH are displayed as a function of the
laser intensity under the assumption of an uniform il-
lumination. The value of co~ has been chosen in such a
way that the channels with n )0 are open. The cross sec-
tion for n =0 is a decreasing function of the laser intensi-
ty, while for n =0 the cross sections behave in the oppo-
site way. From this result, it follows that when cuH is
such that the channel with n =0 is closed, the photode-
tachment cross section results to be a decreasing function
of the inhomogeneity parameter a~ (see Fig. 1). In fact,
for increasing values of nL, the negative ions that are lo-
cated in a given region of the space experience a weaker
laser intensity. Consequently, owing to the perturbative
action of the infrared field, the multiphoton processes, in-
volving an increasing number of exchanged low-
frequency photons, will occur with a decreasing probabil-
ity. For co~ well above the field-free threshold, the
predominant photodetachment channel is the one with
n =0, whose opening determines heavily the behavior of
the cross section summed over all the channels.

The inclusion of the spatial inhomogeneity of the
high-frequency field changes the results in that the curves
showing the photodetachment cross sections as a func-

LASER INTENSITY [10 W/cm ]

FIG. 3. Photodetachment cross section into different chan-
nels at AcuH =0, 8 eV vs the low-frequency laser intensity for an
uniform illumination. The numbers on the curves denote the
number of exchanged low-frequency photons. The dashed
curve represents the sum over all the channels.

tion of coH become slightly more smooth (see Fig. 1). In
fact, in order that the channel with n =0 becomes the
predominant one, the peripheral area from which the
electron exchanging no low-frequency photons comes
must increase, in order to compensate the lowering of the
Aux of the high-frequency radiation. Moreover, as a re-
sult, the value of AH at which the curves start increasing
abruptly increases slightly.

In concluding, we point out that, in any real experi-
ment, it is generally dificult to know the details of the
spatial and temporal inhomogeneities of the laser beam.
Therefore, while a qualitative correspondence between
the measured cross section and the ponderomotive shift
may be established, a precise measurement of this quanti-
ty would result to be a very dificult task.
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