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Photodetachment of H™ in the presence of a low-frequency laser field
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The photodetachment of a model one-electron ion simulating H™ in the presence of a low-frequency
field is analyzed. Two different geometries are considered in order to get information on the effect of the
ponderomotive energy shift A on the photodetachment cross section. Our calculations suggest that a
correspondence may be established between the ponderomotive shift and the photodetachment cross sec-
tion, when the ejected electron may exchange only a few low-frequency photons. This is in qualitative
agreement with recent experimental observations. When a large number of processes are open in which
the detached electron may exchange low-frequency photons with comparable probability, it is impossible
to make any connection between ponderomotive threshold shift and photodetachment cross section
which, instead, may be described in terms of a field picture.

PACS number(s): 32.80.Rm

I. INTRODUCTION

During the last few years a great deal of experimental
and theoretical studies of one-color multiphoton ioniza-
tion have been performed. The observed photoelectron
energy spectra have shown that, when the ionizing radia-
tion intensity is increased, an increase of the minimum
number of photons is required in order to strip one elec-
tron from the atom [1]. This occurs because the kinetic
energy of a free electron in the presence of an electromag-
netic field is larger than the average translation energy
for the addition of the energy associated with the wiggle
motion. Hence, ionization of an atom by an intense radi-
ation field requires the absorption of more energy than
the electron’s binding energy because, in addition, the
quiver energy A, which may be considered as the ioniza-
tion threshold shift, must be supplied. It has been in-
voked to explain the disappearance of the lowest-energy
photoelectron peaks in above-threshold ionization experi-
ments [2]. Generally, such shifts are not observed in
those experiments in which use is made of a long-pulse
field because the quiver energy is transformed into
translation kinetic energy during the time in which the
electron leaves the interaction volume. On the other
hand, evidence of the shift is clearly given in the experi-
ments with picosecond-long pulses [3].

Recently, the observation of the continuum threshold
shift has been attempted by a two-color photodetachment
of negative chlorine ions [4,5] by a weak field of variable
frequency wy in the presence of a strong microwave or
infrared field of frequency w; and amplitude E; which
provides the threshold shift A=e2E} /(4mw?). The ex-
perimental results may be summarized as follows.

When the ions were photodetached in the presence of
the infrared radiation, a sizable detachment rate was
measured below the field-free threshold because the nega-
tive ions, besides one ultraviolet photon, might simul-
taneously absorb one or more infrared photons. Above
the field-free threshold, a photodetachment rate less than
the field-free one was measured, which, however, in-
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creased with the ultraviolet frequency wg. The slope of
the curve showing the photodetachment rate as a func-
tion of wy changes very suddenly when the difference be-
tween the energy of the ultraviolet photon and the field-
free threshold amounted to about one-third of the expect-
ed shift due to the ponderomotive effect. So, while the
change in the slope may be attributed to the opening of
the photodetachment with no exchange of infrared pho-
tons, its occurrence at values of wy lower than the ex-
pected ones was related to the spatial inhomogeneity of
the infrared illumination. In fact, those negative ions far
from the central region of focalization of the infrared ra-
diation which experienced a weaker radiation field and,
hence, a smaller ponderomotive shift were detached, giv-
ing a contribution to the photodetachment signal after
absorbing a single ultraviolet photon whose frequency
was closer to the field-free frequency threshold.

When the chlorine ions were detached in the presence
of a microwave field, a threshold shift was reached of
about 15 eV. Again, the detachment signal was observed
at values of the ultraviolet-photon energy lower than the
field-free energy threshold, and well above the field-free
threshold, photodetachment rates were measured and
their values were found to fluctuate about the zero-field
ones. Hence, no relationship between the threshold shift
and the observed photodetachment cross sections could
be established.

In order to explain these experimental results, calcula-
tions have been performed by using one-dimensional
model ions [6,7]. The calculated two-color photodetach-
ment probabilities plotted as a function of wy do not
show a sharp threshold, though this function changes
very suddenly in slope when #wy is roughly equal to the
field-free detachment energy plus the ponderomotive en-
ergy shift (however, the change in the slope tends to
soften when the low-frequency field intensity increases).

Recently, calculations of two-color photodetachment
probabilities have been performed by considering the
negative ion of hydrogen [8], for which accurate repre-
sentation of both the ground state and continuum states
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exists. The reported results suggesting the evolution of
the photodetachment probability cannot be described in
terms of an energy-threshold shift and, consequently, ap-
pear to be in contrast to the conclusion of Ref. [6].

Therefore, the understanding of the evolution of the
photodetachment probability of negative ions near the
threshold may be considered a problem still open. The
aim of the present paper is to accomplish this task.

As suggested by the analysis of the experimental results
of Ref. [4], it is more convenient to study the problem un-
der two different regimes characterized by the ratio
A /#iw; which, for oy near the field-free threshold, corre-
sponds to the minimum number of low-frequency pho-
tons the ions must absorb to be detached. Below, it will
be shown that, when Afiw; <<1, the ejected electron may
exchange only few low-frequency photons, while in the
opposite case, when Afiw; >>1, a large number of chan-
nels is open in which the detached electrons may ex-
change low-frequency photons with, roughly, an equal
probability. In these two quite distinct regions, the be-
havior of the cross sections versus wy is expected to be
very different.

For simplicity, we assume a single-electron model ion
defined by a three-dimensional 8-function potential
which, as is well known, supports only one bound state
whose energy, in our model, has been chosen to be
I,=—0.75 eV, equal to the binding energy of H™. Fur-
ther, we use the Keldish approximation [9] in the E-r
gauge, which has been found to give accurate results in
this kind of problem [10] and is based on the following
physical picture: the bound electron, after absorbing
simultaneously one photon of high frequency and ex-
changing n photons of low frequency, decays into the
continuum through a single-step process.

II. THEORY

In this section we derive the photodetachment cross
sections by a weak field of frequency wj in the presence
of strong radiation laser field of low frequency o; .

In the E gauge, the Schridinger equation for one elec-
tron in the presence of a static potential ¥(r) and two
coherent radiation fields, taken in dipole approximation,
is written as

i:—ta—Ho—WL(r,t)—WH(r,t) Y(r,t)=0 (1)
with
Hy=p*/2m+V(r) )
the unperturbed Hamiltonian and
Wy(r,t)=er-Ey exp(—iwgt) (3)
and
W, (r,t)=eE; -[E,sino,t cos(£/2)
—&5cosw, 1 sin(£/2)] @)

the interactions of the ion with the two fields. E;
(j=H,L) are the electric amplitudes, ¢ the polarization
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parameters, Ea and Eﬁ two unit vectors along two perpen-
dicular directions. In the following, the high-frequency
field will be taken to be linearly polarized along the z axis.

Though Eq. (1) does not exhibit any periodicity, solu-
tions may be obtained which are analogous to the
quasienergy states, by considering the following eigenval-
ue problem:

B LB W, (r,t) = Wylr,t) |®g(r,tt,)
o6t oty

=E¢E(r,t1,t2) . (5)

The wave function ®(r,t,,t,) is periodic with respect to
the variables ¢, and ¢,, and the wave function

Yye(r,t)= lim exp( —iEt /#)Pg(r,t,,t;) (6)
tl—>t
12—>t

may be shown to be a solution of the Schrodinger equa-
tion (1) [11]. Though Wg(r,?) is not periodic, it may be
considered as some stationary state of the model ion in
the presence of two radiation fields.

For low intensity of the high-frequency radiation, the
interaction Wy (r,t) may be treated perturbatively and its
action is responsible for the electron transitions between
quasienergy states. At the first order of the perturbation
theory in Wy(r,t), the amplitude of photodetachment
probability from the bound state with absorption of one
photon wy and exchange of n photon w; is given by

A,(n)=(¢,(r,t)exp(—inwpt)|eEy tldo(r,t))) , (1)

where
27
o = 1 dt “oe 8
€ M=iswg) [ Tdr () (8)
and ( - -- ) indicates space integration only; @y(r,¢) and

¢,(r,t) are the periodical part of the quasienergy states,
which tend, respectively, to the field-free ionic ground
state u,(7,t) and to the state uq(r,t) with kinetic energy

#q2/2m =fiwgy +nfio, +I,—A+8I, 9)

when the low-frequency electric field is switched off; 81,
is the dynamic Stark shift of the bound state.

For the attractive three-dimensional §-function poten-
tial, the spatial part of the wave function of the field-free
bound state is taken as [12]

/2
uo(r)=B b E‘M, (10)
27 r
where
b=(2mI,)!"? (11

and B is an empirical constant with the value [12]
B2=2.65 . (12)

As this bound state is single and well separated from the
continuum, the dressed bound quasienergy state in the
presence of a low-frequency radiation field may be con-
structed by the method of Ref. [13]:
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Wo(r,t)=expli/AIly+8Iy)t 1py(r,t) . (13)

The Stark shift of the bound state 81, may be approxi-
mated at the second order of perturbation as [13]

8I,=a,E}/4 (14)
with a; the static-dipole polarizability and
dolr)=uy(r)exp[ — (81, /2w, ) cos sin2w, t] . (15)

The continuum quasienergy states in the presence of a
static 8 potential and a low-frequency radiation field may
be well approximated by the Volkov solution

‘I/q(r,t)=exp[—i/ﬁ(ﬁ2q2/2m +A)t]p,(r,1) (16)
with
¢,(r,t)=(2m) "> ?expli[q—K (e 1)] T}
X expli[A (o t)+plopt)cosi] , 17
K, (o 1)=[eE; /fiw;)]|[E,cos(wt)cos(E/2)
+Epsin(w 1)sin(£/2)],  (18)
Ao 1)=[eEL /(mw})][Eysin(w, 1) cos(§/2)
—Egcos(w, )sin(§/2)]q ,
(19)
plopt)=[e?E} /(8mw?} )]sin2w, t =psin2w, t . (20)

Proceeding in the usual way, the differential and total
photodetachment cross sections with absorption of one
photon of frequency wy and exchange of n photons w;
are, respectively, obtained as

—d%n)=(ma)He2q,,/172c)|T,1(q,,,KL)\2 , 1)

otn)= [ 428 aq, 2)
where
T4, K= [ "daf,(@M(q, K. (@), (23)
Sfnla)= explina+ik,(a)—ipsin(2a)cosf] , (24)
p=p—a,E}/(80;), (25)
M(q, K, (a))

=—iB(b/m)"[q— K (a)]-2/[b*+|q—K (a)]*]*,

(26)

h%q,/2m=nfiw; +#oy+1,—A , 27)
and

A=A—51, . (28)

Equation (27) shows that the photodetachment channel,
in which a given number of low-frequency photons are
exchanged, opens at a threshold energy given by

ﬁo)th(n)=—nﬁ0)L—Io_'810+A . (29)
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Summing over all the channels, the photodetachment
cross section is obtained as

o=Yo(n). (30)

In the following calculations, for the choice of laser pa-
rameters, the dynamic Stark shift is found to be much
less than the ponderomotive potential and, then, will be
disregarded.

III. RESULTS AND COMMENTS

The treatment developed in the previous section is now
applied to study the behavior of the total cross section of
photodetachment into a given channel as a function of
the radiation frequencies and of the intensity of the low-
frequency radiation. Further, it gives the possibility to
get information about the way in which each channel
contributes to the photodetachment process.

As already mentioned in the Introduction, the experi-
mental results of Ref. [4] have singled out two different
situations which, ultimately, differ strongly in the number
of channels which contribute to the ejection of the elec-
tron (a couple of channels in the case of irradiation by
1.17-eV energy photons against millions of channels par-
ticipating to the photodetachment in the presence of a
microwave field).

Therefore, we choose to carry out calculations in two
different regimes characterized by a proper combination
of the frequency and intensity of the low-frequency laser
field. They may be defined by the ratio A/#w;, which,
for hwy near the field-free threshold, gives the minimum
number of photons that the electron must absorb to be
ejected. When A /%iw; <<1, the ejected electrons may ex-
change only few low-frequency photons, while in the op-
posite case when A /%iw; >>1, a large number of channels
is open in which the detached electrons may exchange
low-frequency photons with comparable probability.

For all the cases considered below, the weak high-
frequency field is taken to be linearly polarized along Z,
while the following polarizations and geometries will be
considered for the low-frequency field: (a) the low-
frequency field is linearly polarized (the polarization pa-
rameter £=0), and the two fields are parallel (L,||); (b)
the low-frequency is circularly polarized (the polarization
parameter {=1/2) with the polarization plane coincid-
ing with the plane (x,y). Accordingly, it is perpendicu-
lar to the high-frequency electric-field polarization direc-
tion (C,,, ).

A. Regime A /fio; <<1

In Figs. 1(a) and 2(a), we show photodetachment cross
sections and total cross sections of photodetachment into
channels with |n|=0, 1, 2 as a function of wy. We limit
our consideration to these channels as, for the laser pa-
rameters we have chosen, processes involving a larger
number of low-frequency photons can be neglected. Ac-
cordingly, this may be considered a perturbative regime.

For both the geometries described above, the curves
relative to the photodetachment cross sections show a
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rather abrupt change in the slope at the value of the
high-frequency energy #iwy=A—38I,+1, corresponding
to the energy of the field-free threshold shifted by the
ponderomotive potential A and the dynamic Stark shift
of the bound state 6I,. Of course, the sudden change of
the cross section is due to the opening of the photode-
tachment channel with n =0 whose cross section near the
threshold rises as (wy —wy,)*’?, according to the Wigner
threshold law. As far as the channels with |n|=1 are
concerned, we note that the corresponding cross sections
display a behavior which depends on the geometrical ar-
rangements of the em fields. In fact, when, in addition to
the high-frequency photon, one circularly polarized pho-
ton is absorbed, the electron is ejected in a state with or-
bital quantum number /=2 and the cross section exhibits
a (og—wgy)'T1"? dependence, whereas in the case of
parallel geometry the dominant contribution to the cross
section coming from the partial s wave gives rise to a
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FIG. 1. (a) Photodetachment cross section (PCS) and total
cross sections of photodetachment with exchange of low-
frequency laser-field photons as a function of wy for the (L,||)
geometry (regime A/#fiw<<1). The numbers on the curves
denote the number of exchanged low-frequency photons. The
parameters of the low-frequency laser field are I, =7X10®
W/cm?, #io; =0.1eV. (b) The same as (a).
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(0 —®y)"? dependence. This is displayed in Figs. 1(b)
and 2(b) where it is also shown that, beyond the thresh-
old, but not too far from it, for the geometry (L,||) the
cross section involving the emission of one low-frequency
photon has a different behavior from the one involving
the absorption on one low-frequency photon. In particu-
lar, the cross section of this last process, after increasing,
reaches a plateau and then starts increasing again with
oy, while the curve relative to the other process in-
creases monotonically with wg. Instead, for the
geometry (C,,, 1) the cross sections with absorption and
emission of the same number of low-frequency photons
behave quite similarly. All these features can be ex-
plained as follows. As A/fiw; <<1, for the (L,|)
geometry, we may neglect p in Eq. (24). Further, by ap-
proximating Eq. (26) as

M(q,,K;(a))=B(b/m)"*[q—K (a)]2/b* (31)
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FIG. 2. (a) Photodetachment cross section and total cross

sections of photodetachment with exchange of low-frequency
laser-field photons as a function of wy for the (C,,,1) geometry
(regime A/#fiwo <<1). The numbers on the curves denote the
number of exchanged low-frequency photons. The parameters
of the low-frequency laser field are the same as in Fig. 1(a). (b)
The same as (a).
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and integrating Eq. (23), the differential cross section Eq.
(21) is obtained as

do(n)/dQ=(4B*» "'mwye’q, /h’c)
XJHA,)(g cosO—nmwy /g cosf)? ,  (32)
where
A, =(e/mw})E -q. (33)

0 is the angle between g and z, and J,(A,) the Bessel
function of integer order. The second term in the last
parenthesis results from integrating the term K;(a)
entering Eqgs. (23) and (26) which gives rise to construc-
tive interference when n <0, and to a destructive interfer-
ence when n >0. For the geometry (C,,,1) K, (a)Z and
p entering, respectively, Egs. (26) and (24), are both zero,
and Eq. (21) becomes

do(n)/dQ
=(4B% “"moye’q, /Hc) A, Vg cosd)®  (34)

with

A, =eErq sin(6)/(mo}) . (35)
From Eq. (34), total cross sections are obtained for pho-
todetachment involving the same number of absorbed or
emitted photons which exhibit the same behavior when
the corresponding channels open. Moreover, we note
that, in this geometry, the coupling strength between the
em field and the ejected electron is weaker than in the
(L,||) geometry. As a consequence, the influence of the
intense laser field on the photodetachment cross section is
more effective in the parallel geometry.

In Fig. 3, photodetachment cross sections are reported
for different values of the ponderomotive shift of the
threshold A and different values of @, but all chosen in
such a way that the ratio A /fiw; =0.1 is kept fixed. The
main result found in this regime is that all the curves

0.3

Pcs(a.u.)

how lev)

FIG. 3. Photodetachment cross sections for the geometry

(L,|l) as a function of wy for different w;. The ratio
A/#iw; =0.1 is kept fixed. The positions marked by the arrows
correspond to the values of the ionization energy shifted by A.
Solid curve, #iw; =0.06 eV; dotted curve fiw; =0.1 eV; dashed
curve, fiw; =0.2 eV.
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change suddenly in slope when #wy=A+1,, showing
that a tight connection between the photodetachment
cross sections and the ponderomotive shift may be estab-
lished. In this sense, our calculations show that, at least
in the regime A /#iw; <<1, theory and experimental re-
sults can be considered in good qualitative agreement.

B. Regime A /fio; >>1

This is a highly nonlinear regime. Hence, a consider-
able number of low-frequency photons may be absorbed
during the photodetachment event. This circumstance
marks the differences from the previous examinated case.
In fact, when A /#iw; >>1, the photoelectron signal may
be sizable well before wy reaches the field-free threshold,
as the ponderomotive energy shift may be overcome by
the absorption of numerous low-frequency photons. Con-
sequently, the ponderomotive energy shift is expected to
no longer be a useful parameter for describing the behav-
ior of the photodetachment cross section. This is illus-
trated in Figs. 4 and 5. In Fig. 4, the photodetachment
cross sections are shown for the (L,|) geometry as a
function of wy for a fixed intensity and several frequen-
cies of low-frequency laser, while in Fig. 5 the same quan-
tity is shown for different intensities at the same w;. We
remark that (see Fig. 4), by varying w; over a wide range
of values, the cross sections do not change appreciably,
while considerable modifications appear when the low-
frequency laser intensity is varied at a fixed value of w; .
A quite similar result is obtained in the perpendicular
(C,y,1) geometry (see Fig. 6), though the low-frequency
laser field has a reduced effect on the photodetachment

1.00

0.80+

0.60-

0.40-
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0.70 080 0.90 1.00
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FIG. 4. Photodetachment cross sections for the geometry
(L,||) as a function of wy for different frequencies w, at a fixed
value of the low-frequency field intensity I =5X 102 W/cm?
(regime A /#iw; >>1). Solid curve, fiw; =0.01 eV; dotted curve,
#iw; =0.02 eV; dashed curve, fiw; =0.03 eV.
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FIG. 5. The same as Fig. 4 for different values of the low-
frequency field intensity at a fixed value of w; (#iw; =0.02 eV).
Solid curve I; =10° W/cm?; dotted curve, I; =2X10° W/cm?
dashed curve, I; =5X 10® W/cm?; dot-dashed curve, field-free
photodetachment.

event as compared to the case in which the high- and
low-frequency fields oscillate along the same direction.
The curves shown in Figs. 5 and 6 are slowly increasing
functions of wy within a range of values which includes
the field-free threshold frequency and which becomes
wider as the low-frequency intensity increases. Well
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FIG. 6. The same as Fig. 5 for the (C,,, 1) geometry.
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FIG. 7. Comparison between photodetachment cross section
obtained by Eq. (30) (regime A/#iw; >>1) and numerical aver-
ages of the photodetachment cross section in a static electric
field. The low-frequency field intensity is I; =5X 10® W/cm?.
Solid curve, photodetachment in the presence of a static field;
dotted curve, photodetachment cross section in the presence of
the laser field.

above the field-free threshold, the photodetachment sig-
nal is depressed as compared to the field-free one. By ul-
teriorly increasing wy, a region is reached in which the
cross sections rise very suddenly and eventually oscillate
about the field-free results. This behavior is reminiscent
of the photodetachment in the presence of a static elec-
tric field. On the other hand, the above remarked poor
sensitivity of the photodetachment cross section to the
variation of the low frequencies can be considered a man-
ifestation of the quasistaticity of the process whose cross
section should be roughly the same as the one obtained
by averaging, over a period of the low-frequency field, the
cross section for a static field.

The consistency of this assumption was experimentally
verified by the authors of Ref. [4], and the results present-
ed below may be considered as a corroboration. In Figs. 7
and 8, a comparison is shown between the cross section
obtained by Eq. (30) in the (L,||) geometry and numerical
averages o 4 of the photodetachment cross section in a
static electric field given by

o4 =% fo””a (Ep sina)da , (36)

where o, is the photodetachment cross section in a stat-
ic electric field whose intensity is E [14,15],

a,fuz)=o.3604%0[2“3(0)”—10)/192/3]. (37
H

In Eq. (37), atomic units have been used,
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FIG. 8. The same as Fig. 7 for I, =10° W/cm?.
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and A;(¢) is the Airy function.

The curves are quite similar and their differences are
expected to become less and less when w; decreases. Fi-
nally, this last result may be considered to be the analog
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of the above-threshold-multiphoton ionization in the
high-intense filed regime, when the electron ejection may
be described in terms of tunnel effect or, accordingly, the
field picture rather than the photon picture may be used.

IV. CONCLUDING REMARKS

We have analyzed the multiphoton detachment of a
model one-electron ion simulating H™ by two em fields,
arranged in two different geometries in order to get infor-
mation on the effect of the ponderomotive energy shift A
on the photodetachment cross section. Our results sug-
gest that, in the perturbative regime, when A /fiw; <<1, a
correspondence may be established between the pondero-
motive shift and the photodetachment cross section.

Recent experimental observations have shown that a
qualitative agreement exists between the expected thresh-
old and the experimental results. When in the highly
nonlinear region (A/#fio; >>1) where many processes
with a large number of photons participate in the photo-
detachment event, it is impossible to make any connec-
tion between ponderomotive threshold shift and photode-
tachment cross section which, instead, may be described
in terms of field picture.
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