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Abstract . By considering a new, non-local quantum electrodynamics, we have shown that the non-sequential double 1onization of
atoms occur due to the phase correlated two-photon excitation of clcctrons. For this phase correlated excitation, two-photon rate depends
Incarly on laser intensity. However, the local nature of the radiation field gives nise to conventional multiphoton transitions, where the
two-photon rate is proportional to the squarc of the laser intensity We have shown that n-photon transitions in an ¢xperiment can be
modeled as a series of these two types of transitions and hence several channels will run parallel to each other The channels for n-photon
transitions are (i) a scries of phase correlated transitions giving rise to non-sequential double ionization, (11) a series of conventional dipole
transitions giving rise to sequential jonization and (in1) a mixture of phase correlated and phase non-correlated transitions We have shown
that, with the increase in laser intensity the channel comprising of only the phase correlated excitations becomes significant and gets
saturated before the sequential channel can dominate, giving nise to a kink-hke structure in the intensity vaniation of double invization
Tiis feature has been observed in the experniments on double 1onization of He We have also provided a physical basis for the damping of

non-sequential double noization at the smaller wavelength, which 1s also an experimentally observed feature.
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1. Introduction

During the last decade, the investigations in the field of
double inoization of rare gas atoms have shown that the
mtensity dependence of doubly charged ions shows a kink,
which can not be explained by the single rate of ionization.
Two mechanisms [1] for double ionization have been
proposed : (i) sequential and (ii) direct or non-sequential
(NS) double ionization. In the sequential process, the atom
is first singly ionized and then the ionization of singly
charged ion occurs by absorbing more photons. In the
direct process, independent electron model does not
work and two electrons are considered to be ejected
simultaneously to produce doubly charged ions. For this
Process, two mechanisms have been proposed [2,3] :
(i) shake-off model and (ii) re-scattering model. But there
are controversies over applicability of these two models;
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some experimentalists [4] support re-scattering model and
some others {5] support shake-off model. Different theoretical
studies [6,7] on the variation of total doublc ionization rate
with the laser intensity, were made to understand the physical
mechanism involved in direct double ionization of atoms,
and it has been shown [7] that the electron correlation plays
an important role in direct double ionization of He. Recent
experimental observations [8] on momentum distribution of
recoil ions (doubly charged) were explained by considering
electron correlation and field dressing of two outgoing
electrons [6].

In this work, we will describe a different scenario by
considering a new, non-local quantum electrodynamics,
proposed by us earlier [9]. This non-local quantum
electrodynamcis was derived in field theoretic approach and
had been shown to interpret certain features of multiphoton
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double ionization and above threshold ionization in an atom
placed in a strong laser field. The gauge covariance of non-
local electromagnetic field asserts that this non-local nature
of the field is allowed by nature. It was also shown that the
non-local field makes contact with the squeezed light, thus
describing two completely diffcrent scenarios from a unified
point of view. The non-local nature of quantum
electrodynamics allows for coherent emission/absorption of
two phase correlated photons by an atomic system under
suitable conditions which can be met in the laboratory as
well as in cosmological cnvironments [9,10]. The most striking
feature is that the phase correlated two-photon absorption/
emission processes (which occurs due to the non-local
nature of the field) are linear in laser intensity. It is now an
experimentally observed fact that the two-photon absorption/
emission processes in atoms in presence of squeezed ficlds
are linearly dependent on laser intensity [11]. Furthermore,
an arrow of time in the quantum level is obtained in order
to satisfy the energy conservation in phase correlated two-
photon emission/absorption processes [9]. Hence, the
causality comes out as a consequence of energy
conservation. Therefore, the non-local QED used in this
work, has been derived from the first principle without any
approximation and it has its application in diverse fields of
physics [9,10,12]. Moreover, we will show below that by
considering the effect of electron correlation in the matrix
element of phase correlated two-photon absorption, the
observed intensity dependence of DDI can be explained
within the framework of perturbation theory. Furthermore,
the intense field effect on outgoing electrons in the double
jonization continuum can also be included by properly
choosing the wavcefunction of outgoing electrons.

In general, the radiation field amplitude can be described
as a linear combination of its local and non-local components
and we will show that the non-local component of the
radiation field gives rise to direct double ionization, whereas
the local component gives the sequential double ionization.
In the non-local picture of the radiation field, phase correlated
excitation of two electrons leads to two-photon transition,
the probability of which depends linearly on laser intensity,
in contrary to the local picture, where the two-photon
transition probability is proportional to the square of the
laser intensity. In the ladder of multiphoton transitions in an
atom, if the number of photons absorbed is not sufficient to
excite it to the double ionization continuum, it will single
ionize and both types of transitions (due to the local and
non-local componenet of the radiation ficld) will contribute
depending on the laser intensity and on the phase correlated
nature of the radiation field. But if the number of photons

absorbed is sufficient to double ionize the atom as mentioneq
before, direct and sequential double ionization will tyy,
place depending on the degree of phase correlation in g,
laser field and on the degree of correlation in the atomic ap
molecular system.

2. Theory

In our previous paper [9], we have derived in ficld-theoretjc
approach, the non-local radiation field and the corresponding
transition amplitude due to the interaction of this non-loa.{l
radiation field with the electrons. In this non-local picture,
two events of photon absorption can be phase correlated,
if

wdt << 1, i
w being the photon frequency and & is the time gap
between the two photon-absorption events. This condition
can be fulfilled if the photon flux is so high that the two
photons arc absorbed almost simultaneously. Therefore, the
necessary and sufficient condition for the phase matching

L ]
of the two events is given by & «<— and when this

condition is satisfied, two photons are coherently absorbed
by the atomic electrons. For practical purposes this
requirement can be replaced by a more convenient onc.
namely that the number of photons flowing into and out of
the volume ¥V of the atomic shell occupied by the outer

. 1 .
electrons, in time > will be much larger than the numbe
of those outer electrons. Thus for a n-outer electron atom
the condition reads

14
chw

5 >>n (1)

In conventional picture, two-photon absorption occurs (in

the non-resonant case) through a virtual intermediate state
- ] L .

of lifetime ~ %’ which is much larger than the & in (1). To

describe the phenomenon of phase correlated two photon-
absorption events, we have derived a non-local vector
potential A(x, x°) in field theoretic approach [9], so that the
minimal interaction at the space-time point x, is given &

;:_ij. P(x)A(x, x)dx’, where x = r, rand x" = r’, ¢ and the

corresponding interaction matrix element is given as

My0) === {y  ()ny | p ARG, ) O

ie, the interaction at point x is correlated with the
interactions at all other points x’. Similarly the multipolar
non-local interaction can be given as

—ejr.s(x,x’)dx'. @)
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jn order to quantize this non-local field, we proceed by
carrying out a Fourier expansion [13] of this non-local
potential over the usual photon modes :

A(x,x")= Z 2[012312(;,f')exp

kA, kydy

(iky.r + ika.r’ — it — iaxt” + c.cl, 3)
where we have written C|2 = Cklllkzlz and 2’,2 = 2:"1'11"241
and the polarization vector &(F,7') can be expressed as a
power series in 7 and 7+ with undetermined coefTicients as

-~ ~ o A A . .

HFF) = (F+ r')zmoa,,}’,,(r.r') » Which is the most general
form possible. As in the standard QED, one can derive
expressions for non-local field amplitude and its square from
eq. (3) and hence the total field energy for the radiation field
can be written as

W:a,zu", +a,2,W”. (4)
where W; is the usual field energy summed over single
modes and W, is the non-local field energy expressed (after
quantization) as :

Wy =12 (2, +40322,), @)

kA

where kA stands for a correlated mode pair k4, and k>4,
and 2ax stands for wy, + ay,. Y and Z can be expressed [9]
in terms of Cy, and C*, and satisfy the canonical equations
of motion with W, as the Hamiltonian as in standard QED.
up and @, are the population fractions for the correlated
mode pairs and the independent modes respectively. It is to
he mentioned here that to quantize the field using Coulomb
gauge, we impose for the present the condition that
(ka +k;y )-3" =0, but this restriction has been removed latter.
By quantizing this non-local field, one can write down the

field energy in terms of a new pair of creation and annihilation
operators as :

Wiz Z hak (buabtes +btaabyy ), )
kA

Where byybtea =- =(2a),‘Zu ti¥y, ) ©

The two new operators obey a different commutation relation
from that in standard QED :

[64x by | = 2608005
[bus beezr ] = [B.81. ) ™
and operates on the number states as

bra|mea ) = Jrg |nag -2),
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b,:lln“ ) = "n,‘,{ +2|n“ + 2),

bhibua |74 ) = ma | ma ).

'I'heregore. b and b' are two-photon annihilation/creation
operat;brs, and b'h is the usual number operator. Once
again, by creation of two photons we mean the creation of
one pljoton in each member of a correlated mode pair, and
similagly for annihilation. One can always express the vector
potendal and field strengths in terms of these new operators.
It is td be mentioned that the commutation relation (7) for
these fwo new operators are gauge-independent, and hence
one ¢an do away with transversality restriction
(I;, +iz).?: =0.

Depending on the photon flux and on the coherence
properties of the laser field, one must in general describe the
field amplitude as

&= ak + ane, ®

where the subscripts L and N refer to local (usual) and the
non-local fields respectively («a;, and ay are identical with a;
and ay in eq. (4)); relative strength of the two coefficients
would depend essentially, upon the degree to which the
response of the atomic electrons to the field appears phase-
correlated. The first term in eq. (8) gives rise to conventional
single photon transition amplitude (refered to as D in the
text) and the second term gives rise to correlated two-
photon transition amplitude (referred to as 7T in the text) (for
details see eq. (14) and (19) in Ref. [9]). Formally, for two-
electron atom the transition matrix element corresponding to
the non-local radiation field can be written as

T ={yif If"(x,x ) 2l(r + 1)
x £ (x,x" )i, li' (x.x"),ny; ) )

The time integration in (9) yields the energy balance
8(Ef .E, +2hw, ), leaving

r=iLZ2 e+ 3G (), (10

c

where E; and E, are the final and initial energy of the total
system respectively and / is the photon flux. To include
electron correlation, one can use the correlated
wavefunctions for y(r, r") and y(r, r’) (for details see Refs.
[9] and [13]). To include the strong field effect on the
outgoing electrons in double ionization continuum, one will
have to modify the continuum correspondingly.

We will now derive the rate for double ionization in
atoms and molecules considering both type of transitions T
and D, within lowest order perturbation theory. In general,
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this phase correlated two-photon excitation (7) will run
parallel to the conventional single photon transitions (D) in
an atom irradiated with strong radiation field and hence in
any multiphoton excitation process in a ficld having strong
second order coherence the prominance of 7-type transitions
or D-type transitions will depend mainly on the laser
intensity. Since both the transition amplitudes 7" and D are
proportional to /'2 (/ being the laser intensity), it is expected
that T-type transitions in general, will be prominent in the
intensity range lower than that for the D-type transitions.
However there are other damping factors which will affect
these two transition rates differently and hence their
significance in a given intensity range may differ.

One can model a n-photon absorption process as a
ladder of (i) purely T-type transitions (777—), (ii) purely D-
type transitions (DDDD—) and (iii) a mixture of both T and
D-type transitions (TTDDTD— and its different variations).
In a serics of T7-type transitions, phase correlation is
maintained at each step and leads to double cjection of
electrons, ie. direct double ionization or non-sequential
ionization occurs as long as electron correlation is maintained.
The sequential ionization occurs due to purely D-type or the
mixture of T and D-type transitions. In practice, all these
channels will contribute and the prominence of any channel
will depend on the laser intensity and other intensity
dependent factors, which will be described below. Actually,
the total rate will be the sum of the rates for different parallel
channels. The total rate for n-photon transitions, within the
lowest order perturbation theory, can be written as :

P,=Y P,

an
where i = 0, 2, 4, nforevennand i=0,2,4, - (n-
1) for odd n.

PP

I:: = D (]2)
Tl/2

where Pp = e 13)
Dﬂ

and P, = g (14)

are the i-photon 7-transition ampltude (for i # 0) and (n—i)-
photon D-transition amplitude (for i < n — 1) respectively
and E/'s are the average values of the energy denominators
for non-resonant transitions.

To study the intensity variation of double ionization
yields, one will have to consider the following effects on the
ionization rates; (i) the effect of saturation of these rates

with the increase in laser intensity, (ii) the effect of damping
due to breakdown of phase correlation, and (iii) the effe
of damping due to breakdown of electron correlation To
include the effect of saturation, the rate P,'s will be multiplieg
by the factor (1 - e7). To include the effect of damping dye
to breakdown of phase correlations, we have multipliey
| Pr[? by the factor e and | P 2 by the factor (1 - o)
where y is given by 2/ (1V/chw?). To consider the effect
of breakdown of electron correlation we have multiplied
| Pr2 by ,~JT7i. , where I is the laser intensity and /, is the
laser intensity at which the electric field due to the laser
radiation is equal to the atomic potential. Hence, the total
rate in this model can be given as :

P =Y R-et)i-e)e eV a5
where i =0,2,4,---n,forevennand i =0, 2, 4, - -

(n - 1), for odd n. It is to be noted that purely D-type
transitions ie, for i = 0, the factor ¢ =17 will be
omitted and for purely T-type transitions i.e., for i = n, the
factor (1 - ¢) will be omitted. To obtain rates for n-photon
ionization using this model, the parameters 7, D and \
(which have been defined above from the first principle).
have to be chosen by considering the physical conditions
Details of these parameters have been discussed in the nex
section. Moreover, the intensity /. has been defined as the
intensity for which the magnitude of the radiation field is
equal to that of the coulomb field within the atom. It is weli
known that the electron correlation in an atom depends on
the Coulomb field between the electrons. In casc of
interaction of radiation field with the outer shell electrons of
the atom, electron correlation between outer shell electrons
will affect the photon absorption process. Therefore, if the
radiation field is strong enough to dominate over Coulomb
ficld between the outer shell electrons, electron correlation
will breakdown. The magnitudes of these Coulomb field>
depend on the radius of the outer shell electrons and for
atoms of high nuclear charge, outer electrons will occupy
the shell of high principal quantum number. Hence, tht
threshold intensity at which these Coulomb fields will
breakdown, depends on the nuclear charge of the atom
being ionized and the principal quantum number of the shell
from which it is being ionized. Choosing a field of order
1072 a,u., a crude estimate for an upper limit /g, ~10"* /e
to the laser intensity can be made up to which we can expect
electron correlation in a two-electron atom to be maintained

3. Results and discussion

In this work, the results for n = 6 have been shown. Fof
n = 6, four channels will contribute, where the channe!
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amplitudes will be proportional to (i) 777, (ii) TTDD, (iii)
7ppDD and (iv) DDDDDD. The channel (i) which
corresponds to purely 7-type transitions, gives rise to non-
sequential ionization, the channel (iv) which corresponds to
purely D-type transitions will give rise to the sequential
ionization. The other two channels which are the mixture of
Tand D-type transitions will give rise to sequential or non-
sequential ionization, depending on the number of D-
wransitions present in the ladder of excitation. The presence
of too many D-transitions will break down the phase
correlation, leading to sequential ionization. In this ladder of
transitions, the values of 7 and D may vary in each
consequtive steps, but we have replaced the 7°s and D’s by
their average values. Moreover, the energy denominators
involved in each non-resonant step of transitions have been
replaced by an average value. We have shown here results
of parametric calculations for 6-photon non-resonant
transitions.

In Figure 1, the laser intensity variation of four individual
channels, together with the total has been shown. It is

106
105"
10 4
10 34
1021

10 7

IONIZATION RATE (au)

1 L
1% 1015 1016
INTENCITY (W/cm?)

10

Figure 1. Variation of double ionization rates with laser intensity.
Curves - (A) rate for channel (i) : TTT; (B) rate for channel i) TTDD,
(C) rate for channel (iii) - TDDDD; rate for channel (iv) : DDDDDD
and (E) Total : sum of these four rates. A = 780 nm, number of photons
"= 6, Volume of the atomic shell ¥’ = 10¢ a.u., | T, * = 30 a.u. and | D, |*
= \[a'roa a.u. (see text).

found that with the increase in laser intensity, initially the
NS channel dominates over all the other channels and the
kink in the total rate appears at the laser intensity, where the
Saturation of the N'S channel starts. Towards higher intensity,
the total rate is dominated by the sequential channel and
finally it follows the intensity variation of sequential channel.
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At the intermediate intensities, it is found that the
contribution from the NS channel is orders of magnitude
greater than that from the sequential channel. All these
featurgs have been observed [5] in the intensity variation of
doubl’ ionization of He atom. The intensity variation of
doubl? ionization rate shown in Figure 1, resembles that of
the 0@erved double ionization yield for the He atom (see
Figurg 1 of Ref. [5]). In this calculation, we have chosen | T |2
=| T, fIwhere|T,?=30a.u.and| D 2 =| D, *I where| D, |*
= y(%00) a.u. In case of dipole transitions, T, is the phase
correlsted two photon dipole transition moment due to the
interagtion of atom with the non-local component of the
electrémagnetic field and D, is the conventional dipole
transition moment due to the interaction of the atom with
the local component of the electromagnetic field. As
mentioned above, details of calculation of 7, and D, have
been discussed in Ref. [9]. For this calculation, the
wavelength 4 = 780 nm and volume ¥ = 10¢ a.u. Hence, the
radius of the atomic shell from which the ionization takes
place is 62.035 a.u. the radius of the atomic shell can be
large when the ionization takes place from an excited state.
We have taken average value of the energy denominator
E, = 1 a.u. throughout this calculation. For other values of
E,, transition rates P, P;, and P/'s given here, will be scaled
accordingly.

As mentioned before, the value of y is given as the ratio
of number of outer shell electrons of the atom and the
number of photons flowing into and out of the volume V of
the atomic shell occupied by the outer electrons in time
1/w and hence the damping of the ionization process will
depend on the availability of photons compared to the
number of electrons on the outer shell. Therefore, the value
of y (see also the expression for y in ‘Theory’) depends on
the (i) volume ¥ of the atomic shell from which the ionization
occurs, (ii) the frequency of the laser radiation and (iii) the
intensity of the laser i.e. the photon flux. Hence, the damping
of the ionization yield will also depend on these three
factors. To show the influence of the wavelength of the
laser radiation and the volume ¥ of the atomic shell (from
which the ionizing transition occurs) on the double ionization,
we have repeated the calculation with A = 248 nm and for
different values of ¥, with the values of T and D being the
same as in Figure 1. For this wavelength, since the value of
@ increases, the value of y also increases, giving rise to
damping of the NS channel. But this damping effect is more
prominent when the value of V is decreased. For this
wavelength (4 = 248 nm), since the photon energy is more
than three times larger than that for radiation with wavelength
780 nm, and the number of photons absorbed for the
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ionizing transition is the same (» = 6), the 6-photon ionizing
transition will occur from a low energy state of the atom. i.e.
the volume ¥ will be less than that used for the calculation
with 4 = 780 nm. Hence, for this wavelength, we have
plotted the total double ionization rate as a function of laser
intensity, for different values of V (Figure 2). We find that
as the volume V decreases, the double ionization rate starts
contributing at higher and higher laser intensities. This is
because of the fact that as the volume decreases the value
of y increases and the damping on the NS channel (ie.

1074
10 54

106-
10 34

10 24
10 -
1
1071+
10-24
10-34
1074+
10°54
10-6

lonization rate (a.u.)

T | 1
10% 101 1016
Intensity (W/cm?)
Figure 2. Total double ionization rate as a function of laser intensity
for diffeent values of V. Curves : (A) for ¥ = 10%a.u.; (B) for V= 10°a.u.;

(C) for V=5.10*au.; (D) for ¥=10%a.u.; (E) for ¥=510°au. 4 =248
nm, other parameters arc the same as in Figure 1.

107
’06-4
10° A

IONIZATION RATE (a.u.)
1

INTENSITY (W/cm?)

Figure 3. Intensity variation of rates for two channel (i) TTT and (iv)
DDDDDD for two values of V. Curves : (A) rate for NS channel (TTT)
and (B) rate for sequential channcl (DDDDDD), for ¥ = 5.10° a.u.; (A")
rate for NS channel (TTT) and (B') rate for sequential channel, for ¥ =
10* a.u. Other parameters are the same as in Figure 2.

purely T-transitions) increases. As a result, NS doyp),
ionization rate becomes appreciable at the higher valyes of
laser intensity for the lower values of ¥, and the tota] ry,
shows no kink like structure in the intensity variation, T,
demonstrate this, we have plotted the NS rate (purely 1.
transitions) and the sequential rate (purely D-transitions) o
two values of ¥, ¥=10*a.u. and ¥ = 5.10° a.u., in Figure 3
Values of T and D are the same as in Figure 2. 1t is foung
that the NS rate is strongly damped and becomes significan
only at high laser intensity and almost coincides with the
sequential rate for ¥ = 10* a.u.; whereas for ¥ = 5.10° au,
NS rate is appreciable at much higher intensity than that fo
the sequential rate (purely D-transitions). Hence, in this
case, total double ionization rate is dominated by the
sequential ionization, the non-sequential ionization being
negligible in this intensity range. Therefore, for shorter
wavelength, non-sequential ionization becomes weak and
the sequential ionization dominates, which is also an
observed feature [4], in double ionization of atoms.

If we consider the single ionization of the atom by the
absorption of same number of photons (i.e. n = 6), and for
the wavelength 4 = 780 nm, the 6-photon ionizing transition
will occur from much lower energy state than that for double
ionization. Hence, the value of ¥ will be much less than that
used for the calculation of double ionization rate. Moreover,
the single ionization rate is orders of magnitude greater than
the double ionization rate. Hence, by increasing the valu:
of | T, [2 (= 300 a.u.) and decreasing the value of V' (= 5 10’
a.u.), we obtained a single ionization rate, where the kink
in the curve is almost absent (Figure 4). This featurc has

10 8-
10 74
10 g
10 %~
10 44
10 3
10 2
10

1 ~
10-1-
1024
1073
10-4+
10-54
10-6

(A

(B)

Ionization rate (a.u.)

1ot 1015
Intensity (W/cm?)

1016

Figure 4. Intensity variation of single and double ionization ratcs
Curve (A) : Single ionization rate, ¥ = 5.10°a.u., | T, [ = 300 a.u., (U™
(B) : Double jonization rate, = 108a.u., | T, [* = 30 a.u. Other parame®®
are the same as in Figure 1.



A new, non-local quantum electrodynamics etc.

heen observed for the single ionization of He atom
(Figure 1 of Ref. [5]). To compare the single ionization rate
with that for double ionization, we have also plotted here
he double ionization rate (shown in Figure 1) and it is found
hat the curves in Figure 4 resembles those of Figure 1 of
Ref. [5]-

in conclusion, we have shown that the non-local nature
of the radiation field can give rise to phase correlated
evcitation of two electrons, leading to direct double ionization
(or non-sequential double ionization) and this phase
correlated two-photon rate depends linearly on laser
ntensity. Combing this rate with the sequential ionization
rate (which comes in due to the local nature of the radiation
field) can reproduce similar intensity dependence of
double and single ionization yields, as observed in the
experiments [4,5] on single and double ionization of He
atom. Furthermore, we have demonstrated the physical basis
for wavelength dependence of non-sequential double
ionization of atoms.
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