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Field-assisted photodetachment process to observe the ponderomotive shift
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Two-color photodetachment of a negative ion in the presence of a constant magnetic field is proposed as a

process in which to observe the ponderomotive shift. Appropriate calculations are reported of the process under

consideration based on a simple one-electron model and with the basic physical parameters well within the

experimental state of the art.

PACS number(s): 32.80.Rm

The average kinetic energy of an electron in an electro-
magnetic field is the sum of the average translational kinetic
energy and of the so-called ponderomotive energy associated
with the oscillatory motion. It is a familiar notion in the

physics of charged particles interacting with electromagnetic
(e.m. ) fields. Accordingly, to force an electron to escape from
an atom or a negative ion it is necessary to provide it with an

energy greater than the binding energy by an amount equal-

ing the ponderomotive energy, which thus may be regarded
as a shift in the escape threshold. For instance, in recent
years many ionization experiments have been carried out in

the domain of high field intensities, showing that different

groups of electrons may be ejected in the continuum, absorb-

ing different numbers of photons. In several of such experi-
ments the ponderomotive shift accounts for the disappear-
ance of the low-energy peaks in the electron-energy
spectrum [1].The ponderomotive shift, however, is generally
not observed in experiments in which long duration laser
pulses are used, because the ponderomotive energy is con-
verted into translational kinetic energy when the electron
leaves the interaction volume. There is instead clear evidence
of the ponderomotive shift in experiments with picosecond-
long pulses [2].

To directly observe the ponderomotive shift, photodetach-
ment experiments have been investigated taking the chlorine
negative ion as a target and using two radiation fields. One
field is of relatively high frequency co&, so as to strip the
excess electron to the ion. In what follows the corresponding
photons will be referred to as uv photons. The other field,
considerably more intense, of frequency co2 lying in the in-
frared [3], is designed to determine the shift of the field-free
threshold of the process. The expected shift is equal to the
ponderomotive one b2=e E /4m' with e and m, respec-
tively, the absolute value of the electron charge and mass.
Experiments have shown that a threshold shift is observed
which is about 3 of the value of the ponderomotive one. The
results obtained with the infrared field are explained as fol-
lows [4].The main contribution to the photodetachment rate
comes from the channel for which no exchange of infrared
photons occurs. This channel opens at the uv photon energy
equal to the field-free photodetachment threshold —Io in-
creased by the ponderomotive shift (cut= Ip+A2). The
fact that the actual observed shift is smaller than 6 is then
traced back to the space-time inhomogeneities of the infrared
field [3,5,6].

Further ponderomotive shift measurements have been per-
formed by Smith and co-workers [7,8]. In one experiment of
two-photon detachment of H, a shift of about 30% of the

expected value was measured [7], while in a second one [8]
it amounted to 45%, with the difference in the results traced
back to the uncertainties on the laser intensity. Very recently,
Davidson et al. [6] have repeated the experiment of Train-
ham eral. [3], succeeding in separating the contributions
from the different detachment channels. They report agree-
ment with the prediction of a complete ponderomotive shift.

The above discussion shows that the direct measurement
of the shift in the continuum induced by a laser field is a

topic of vivid interest clearly deserving further elucidation.
In this context, it is the scope of this work to describe a
detachment process, allowing one to measure with sufficient
accuracy the shift in the continuum. It is, in fact, well known
that the photodetachment cross sections in the presence of a
static magnetic field near threshold exhibit oscillations (reso-
nances). As will be shown below, the presence of a low-

frequency laser field shifts the occurrence of such resonances
to values of the energy equaling the uv photon energy in-

creased by the ponderomotive shift. The theoretical treatment
is based on the formalism of the 5 matrix, and its main

features are briefly outlined below.
Assuming a model for the negative ion as a one-electron

system in which the electron moves in a static potential

V(r), the exact S matrix for the two-color photodetachment
in the presence of a static magnetic field B is [9]

f +oo

S/;= —i ('PI(r, t) ~V(r)~'Ir, (r, t))dt,
J —oo

where W; is the exact wave function of the negative ion in
the presence of two radiation fields and the magnetic field,
tending, for t~ —~, to the ion bound state without the ex-
ternal fields. Wf is the wave function of the free electron in

the presence of two radiation fields and the magnetic field.
Taking B along z with the vector potential, Az= —Byx;
the two radiation fields along z and y, respectively,
with the vector potentials A, = (E,c/rp, )cos(rp, t)y and

A2= (Ezc/cp2) cos(cu2t+ y)i, the wave function W& is written
as
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wave function of the bound state in the absence of external
fields. Taking, further, V(r) as a three-dimensional 8 func-
tion, supporting only one bound state, the spatial part of the
field-free bound state is [10(a)]

g2
2~2=

40)2 2NN2
(3a)

exp( —$2~I ~r)
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with Io= —0.027 750 9 a.u. the binding energy. The constant
Ba=0.31552 a.u. is chosen consistently with Ref. [10(a)]
and leads to a normalization of the wave function of the
ground state greater than unity. We note that for this model
this normalization is not unique. For a detailed discussion on
this point the interested reader is referred to Ref. [10(b)].
With the above assumptions the 5 matrix becomes

where co,=eB/c is the cyclotron frequency, E, and Ez the

amplitudes of the two laser electric fields, p„and p, con-
stants of motion, H„Hermite polynomials, and n the Landau
quantum number.

We now assume that (a) the intensity of the magnetic field
is small enough to neglect its distorting effect on the bound
state of the negative ion, and (b) the intensities of the two
radiation fields produce a negligible dynamic Stark shift.
With assumptions (a) and (b) qrt is approximated by the

I' 2

S;I= —2mig g 8 e„+—+b, , +A~ —Io —n, co,
2

(5)

with J„(—Xz, —pz) the generalized Bessel function [11,12],
n

&
and n2 the numbers of photons exchanged with the two

radiation fields, and

l BpQJq 1 t p„Eisin8i~ t p„Eisin8iM„= „d8,exp[in, 8, +p, sin28, +Xicose, ]exp —— —+ z z co, H„—+ z z ~co,"
(2"n ~)'"2~~ o CO~
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—
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(6)

Specifying further the particular case in which (a) the radia-

tion field along y is of low intensity and high frequency (i.e.,
such that the photon energy cu& is comparable with the elec-
tron binding energy), and (b) the field along z is high inten-

sity and low frequency (i.e., such that the photon energy
co& is much smaller than the binding energy), the cross sec-
tion of absorption of an co& photon is written as

4&QJQ Io Qli+ CO 1 1
&FF n+ ——

ch)i(cot+ co ) (Qfi —QJ ) 2 pz

P, = 2 n2ci02+coy+Io A2 n+ ~ M (9)

where A = 16.079, n~»= (nzcuz+ co, +Io hz)l co, ——,', and—

+max

~1 X X Jn~( ~2~ P2)~FF ~

np n=o
(7)

The cross section o &
is the incoherent sum of the cross sec-

tions of different channels, each characterized by the number

n2 of photons co2 exchanged with the low-frequency field
and by the excited Landau level n. For each channel the
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FIG. 1. Two-color photodetachment cross sections in the pres-
ence of a magnetic field as a function of the relative frequency

= coy+Ip ct) /2. ~& and co,. are, respectively, the uv photon and

the cyclotron frequencies; —Ip is the electron affinity. The photon

energy of the low-frequency laser is co2=0.1 eV (24 178.4 GHz).
The intensity of the magnetic field is B= 5 && 10 G. Curve a, pho-
todetachment without the presence of the low-frequency laser field;

curve b, I2=5 X10 W/cm .

cross section is the product of two factors: (1)
J„(—kz, —p2), which may be interpreted as the probability
that n2 photons of energy ~2 are exchanged during the de-
tachment; and (2) oFF, the detachment cross section having
the same structure as that without the low-frequency field,
but evaluated at p, as given by Eq. (8). Thus, through p„
aFF depends on the parameters of the low-frequency field as
well. Keeping in mind that for X.2~0 the generalized Bessel
functions are proportional to kz only for odd nz [12], the
cross sections o.

&
exhibit divergent behavior only when a

channel opens with n2 even or zero. However, such diver-

gencies disappear if, more realistically, the line broadening
of the Landau levels is taken into account.

Line broadening may be taken into account in our treat-
ment by using a complex energy for the Landau levels:

0.005-
yo Ooo eeooooe eeoc e

p
ee OOOO» e

a
0 I 1 ~ f

I
1 ~ 1 I

I
~ ~ I l

I
I I I I

I
~ I

0 100 200 300 400

~O

~ ~ Oe

~ I
I

~ I
I

I ~ I ~
I

~ I f
I

I I ~ f
I

I I

500 600 700 800 900 1000
(GHz)

FIG. 2. Two-color photodetachment cross sections in the pres-

ence of a magnetic field as a function of the relative frequency co,

for different values of the low-frequency field intensity I2. The

co„axis relative to curve c is the upper one, while that relative to the

curves a and b is the lower one. For the values of the relevant

parameters see caption to Fig. 1. Curve a, I2=SX10 W/crn;
curve b, I2=10 W/cm; curve c, I2=5&10 W/cm .

Before proceeding to evaluate the cross sections, Eq. (7),
we discuss briefly the assumption, adopted above, of using a
bare wave function to describe the negative-ion initial state;
i.e., we consider the effect of the low-frequency laser field on
the initial state. To this end, we take advantage of the results
reported in Refs. [15] and [16],which fit our case well. Ac-
cording to Ref. [15] the field-dressed initial-state wave func-
tion of Eq. (1) is accurately approximated by

ft
qt=r4;(r, t)exp —i c(r)dr . (12)

Further, as discussed in Refs. [15,16], 4;(r, t) may be ap-
proximated by the wave function in the absence of the field,
Eq. (4), while the second-order approximation is sufficient
for e(t) [15],which is written as

a(t) =Io —
—,'a,E2sin (cut), (13)

In such a case, in the transition probability for unit time the
8' function accounting for the energy conservation is substi-
tuted by a Lorentzian, and, following known procedures
[13,14], a modified cross section o.FF is arrived at, the modi-
fication amounting to substituting in Eq. (8) 1/p, with p2= (b 2

—a,E2/4)/2co (14a)

with a, =2.65/(16~Io~ ) the static dipole polarizability of the
bound state [17].By using Eq. (12) in Eq. (1), the same cross
sections, Eq. (7), are arrived at with p2 replaced by

p,'+ gr'+ p
/2++2

and p, , Eq. (9), by
11

Pz
a ,EP —(n+2)co, .

(14b)

I'

2 pl2cio2+ coy + IpPz=With this procedure, the divergencies of o.FF are replaced by
enhancements. We remark that the ad hoc introduction of the
line-broadening I and the neglect of the radiation-atom in-
teraction in the final wave function do not allow a detailed
analysis of the behavior of the cross section as a function of
energy in the regions near the Landau thresholds. On the
other hand, this interesting aspect of the problem, which de-
serves a careful analysis, is out of the scope of the present
paper and, accordingly, we will not pursue it here.

In the following calculations, the choice of low-frequency
laser parameters is such that a,E /452 is about 10, so the
effect of the dressing of the initial bound state by low-

frequency radiation may be safely neglected.
In Fig. 1 we report the photodetachment cross section

o.
&

with absorption of one uv photon vs the relative fre-
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to„=Az+nto, . (15)

In Fig. 1, the first oscillation occurs at to„=b,z, while the

other ones are separated by co, . The result quoted under

point (b) is explained considering that o.t is the incoherent
sum of cross sections of different channels. In Fig. 2 we
report o.

&
with the same parameters as in Fig. 1, with the

only exception being for the low-frequency laser intensity,
which varies from I2=5 X 10 W/cm to I2=5 X 10
W/cm . The effect of the intensity Iz on o, is to translate the

oscillations to greater values of the relative frequency co2 as

quency to„=tot+Io Co /2, and compare it with the corre-

sponding quantity with no low-frequency field o.zz. The cal-
culation parameters are I2 = 10 W/cm, aoz =0.1 eV
(24178.4 GHz), 8=5X10 G, with I2 the low-frequency
laser intensity. The presence of the low-frequency field is
found to have two effects: (a) it translates the oscillations
exhibited by OFF by an amount equal to the ponderomotive
shift d, 2

=347 GHz; (b) it increases the background values of
o., as compared with cd+. With the chosen low-frequency
field parameters, the generalized Bessel function is apprecia-
bly different from zero only for small values of n2, and the
oscillations exhibited by rr& correspond to uv photon ener-

gies at which the channels with n2=0 and arbitrary Landau
state number n open. According to Eq. (9), each such chan-

nel opens at the relative energy

I2 is increased. This is in agreement with Eq. (15), according
to which the values of to„ increase linearly with 52, which in

its turn is proportional to I2. Further, the curves show a

highly nonlinear influence of the low-frequency field in that

the values of cr, grow nonlinearly with the increasing of
I2. It is explained, considering that increasing I2 increases
the number of channels contributing to o.

&, that the weight of
each of them, given by J„(—k2, —p2), also varies nonlin-

early with I2. In this Rapid Communication we do not con-
sider explicitly the influence of the space-time inhomogene-

ity of the laser beam. Obviously, the discussion given at the

beginning on such an influence extends to our results as well.
In conclusion, we have reported calculations showing that

using external fields with parameters we11 within the experi-
mental state of the art, an independent possibility of investi-

gating the intriguing topic of the ponderomotive shift is of-
fered.
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