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Double photoionization of He by circularly polarized light: A QED approach

Sujata Bhattacharyya* and Sanchita Mitra
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~Received 27 September 1999; revised manuscript received 15 March 2000; published 15 August 2000!

Quantum electrodynamics is used to calculate the angle- and energy-resolved triple differential cross section
for double photoionization of He by circularly polarized light for electrons emitted in a plane perpendicular to
the incident beam direction. In the present work, the effect of chirality of the circularly polarized light in
producing dichroism is obtained. Results are compared with the existing experimental results and theoretical
calculations.

PACS number~s!: 32.80.Fb, 33.55.Ad
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I. INTRODUCTION

Double photoionization~DPI! of He is consistently at-
tracting a great deal of attention both experimentally a
theoretically@1–10#. DPI of the free atom is a manifestatio
of electron-electron correlation. There are a good numbe
theoretical and experimental works on double photoioni
tion of He by linearly polarized light. Up until now, calcula
tions on DPI were based on the first-order perturbat
theory and dipole approximation for radiation fields@1,2,7–
10#. Berakdar and Klar@2# calculated DPI bycircularly po-
larized light ~CPL! using the dipole approximation, corre
lated wave functions, and Coulomb distortions in the fin
state. In particular, Klar and collaborators@1# used tensorial
calculus and a laboratory-fixed frame in the independe
particle approach to derive a general expression of the tr
differential cross section~TDCS! from which the helicity
dependence of the DPI cross section by CPL was obtai
Huetz and collaborators@7~a!,7~b!,8# used a body-fixed
frame collective-coordinate approach in the dipole appro
mation to establish an alternative expression of the TD
Malegat and collaborators@9~a!,9~b!# linked the above two
approaches and obtained a generalized version of the T
which can be applied to DPI by CPL. Berakder and Klar@2#
predicted the helicity signature in the TDCS by photons
right-handed~RH! and left-handed~LH! circular polariza-
tion. Klar and collaborators@1# have shown that photoioniza
tion of a randomly oriented free atom by CPL produces p
toelectron pairs with the ability to distinguish a RH from
LH coordinate frame. Results of their numerical calculatio
on He @1# show the amount of circular dichroism to depe
strongly ~i! on the choice of wave function used,~ii ! on the
energy distribution of photoelectrons, and~iii ! on the relative
angle of emission. Berakdar in his latest work@10# has
shown that although helicity of CPL has no dynamical eff
on DPI, phase differences in the amplitudes can be obta
by variation of the helicity of the absorbed photon. The c
cular dichroism was subsequently verified@5#. It was found
that the necessary conditions to observe nonvanishing
chroism are~a! the two electrons unevenly share the exc
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energy and~b! the direction of incident light and the direc
tion of the two ejected electrons are not lying in one pla
The experimental results@5# compared well with the theoret
ical computations of Berakder and Klar~Figs. 3–5!.

This paper is an attempt to see the same effect from
perspective of QED and Feynman diagrams. So far the fi
theory and Feynman diagrams are successfully used
bound-state problems to calculatecharge transfer@11#, ion-
ization excitation@12#, and below threshold excitation b
electrons and photons@13#. We are tempted to use the QE
technique in the present bound-state problem to calcu
DPI by CPL. Use is made of the covariant Lorentz gau
from the onset as well as Dirac spinors and relativistic wa
functions for the interacting particles. We wish to clarify th
while we will restrict ourselves to low-order perturbatio
theory with regard to radiation field~orderse ande3 S ma-
trices!, we can obtain results accurate to all orders in Co
lomb coupling by a suitable choice of the wave function.
estimate the effect of Coulomb coupling over thes-matrix
particle-radiation field coupling, we multiply the unperturbe
final wave function by the Coulomb distortion factor@12,13#.
The Feynman diagrams contributing to DPI arise~i! due to
the shake-off~SO! process and~ii ! due to the two-step~TS!
process. The SO process is one in which the photon strik
the target ionizes one of the bound electrons and, su
quently, due to a change in the static correlation causin
change in the Coulomb field of the nucleus, the remain
electron is shaken off. The process is given by the first-or
Feynman diagram@Fig. 1~a!#. This diagram can be identified
with the first-order Born term~ordere Smatrix! from which
the usual dipole approximation can be obtained. In the
process, the photon striking the target ionizes one of
bound electrons and, subsequently, due to dynamic corr
tion the ionized electron exchanges a virtual photon with
remaining bound electron to dislodge it from the nucle
The corresponding Feynman diagram@Fig. 1~b!# is of third
order. The TS process can be identified with a third-or
Born term~ordere3 S matrix!. The interference between SO
and TS terms is significant.

We calculate the TDCS for DPI of He for the same ge
metric configuration~Fig. 2! as was done in the coincidenc
experiment@5#. There, the two electrons ionized by a 93
eV photon moving in thez direction were viewed in thex-y
plane. One of the photoelectrons,a, is viewed in a fixed
directionx. The second photoelectron,b, is collected in the

e

©2000 The American Physical Society09-1



d
om
w
ng
o
o-

o
e

n
e

s
n
e
ill
e
ul
ta

la

out-
ent
ergy
eri-
ect
ht
he
f

re-
icle
he

th
lin

t
ne

te

lid

;

SUJATA BHATTACHARYYA AND SANCHITA MITRA PHYSICAL REVIEW A 62 032709
x-y plane. Although the cross section has no dynamical
pendence on helicity, its effect on DPL is obtained here fr
a kinematical consideration. From the physical point of vie
the electric-field vectors of the polarized light directed alo
the directions of polarization are effective in the ionization
the atoms. With the change of chirality of the circularly p
larized light, the electric-field vectors rotate@14#. As the mu-
tually perpendicular polarization vectors@9# in the circularly
polarized light rotate with the change of helicity, the tw
ionized electrons that are scattered at a certain angle betw
them for a particular helicity will reverse in their role i
sharing the kinetic energy and momentum with the chang
helicity. Eventually, the electronsa andb ~Fig. 2! with mo-
mentap1 andp2 , respectively, for positive helicity will have
momentap2 andp1 , respectively, when the helicity become
negative. Thus the source of dichroism is due to an excha
of momentum distribution with the change of chirality of th
circularly polarized photon. The dichroism, however, w
not exist if the two electrons share equal energy becaus
the indistinguishability of the electrons. The present res
of the TDCS are compared with the existing experimen
and theoretical results~Figs. 3–5! for incident CPL of posi-
tive and negative helicity with energy 93.5 eV for the re

FIG. 1. Feynman diagrams for~a! shake-off process and~b!
two-step process. The bound electrons are represented by a
line with arrow, the ionized electrons are represented by a thin
with arrow, the dashed line represents the Coulomb photon, and
wavy line with arrow is the transverse photon while the wavy li
without arrow is the virtual photon.

FIG. 2. Representative diagram showing the geometry of in
action ~see text!.
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tive scattering angles 85°, 125°, and 150° between the
going electrons. It is interesting to note that, in the pres
case, the dichroism vanishes at an equal sharing of en
between the two electrons, as it does in the existing exp
mental and theoretical results. The TDCS curve with resp
to the energy of an electron in a particular direction for lig
with positive helicity appears as the mirror image of t
similar curve by light with negative helicity about the line o
equal energy sharing.

II. THEORETICAL FORMALISM

In QED a composite system of bound particles is rep
sented by a string of field operators operating on a part
vacuum and multiplied by the unperturbed solution of t

ick
e
he

r-

FIG. 3. Triple differential cross section~TDCS! for double
photoionization of He (1s) by a right circularly polarized~RCP!
and left circularly polarized~LCP! photon of energy 93.5 eV with
relative angle of emission 85°. Present theory: RCP light, so
line; LCP light, line with stars. Other theory as in Ref.@5# having
a multiplying factor 0.27: RCP light, line with solid triangles
LCP light, line with open triangles. Experiment@5#: RCP light,
solid circles; LCP light, open circles.

FIG. 4. Same as in Fig. 3 for angle of emission 125°.
9-2
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DOUBLE PHOTOIONIZATION OF He BY CIRCULARLY . . . PHYSICAL REVIEW A62 032709
Schrödinger equation@11–13#. Creation and annihilation op
erators of the particles bound to the Coulomb field of
nucleus obey equal-time commutation relations. There
be no loss of generality to represent the bound electron
the Feynman directed lines. The amplitude for DPI react
under consideration is given by the sum of the amplitude
the SO and TS processes. The first-orderSmatrix @Fig. 1~a!#
contains electron current and the incident circularly polariz
photon. The second electron is shaken off due to a chang
the static correlation, i.e., a change in the Coulomb field
the nucleus. In the TS process corresponding to the th
order Feynman diagram@Fig. 1~b!#, double ionization occurs
due to dynamic correlation between the two electrons. T
third-orderS matrix contains an electron propagator, a ph
ton propagator, electron current, and a circularly polariz
photon. The reaction under consideration is

He~1s2!1g~hn593.5 eV!⇒He211e21e2. ~1!

A. Shake-off process

The amplitude for the SO process@Fig. 1~a!# is given by

SSO5 1
4 ~e2/\c!1/2@C̄ f~r 1 ,r 2 ,R!gmAm~r 1 ,k!C i~r 1 ,r 2 ,R!#.

~2!

gm is the Dirac matrix andAm(r 1) is the wave function for
the circularly polarized photon.r 1 , r 2 , andR are the space
time four-coordinates of the two bound electrons and
nucleus, respectively. The initial wave function of the syst
of bound electrons in the He atom is given as in@13#,

C i~r 1 ,r 2 ,R!5f1s2~x,y!
1

~2p!3

3S m2

«1«2
D 1/2

u~b1 ,r 1!u~b2 ,r 2!

3exp~ iRLi !exp~ ib1r 11 ib2r 2!, ~3!

FIG. 5. Same as in Fig. 3 for angle of emission 150°, the ot
theoretical curves@5# having a multiplying factor 0.48.
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where u(bi ,r i) is the Dirac spinor for the bound electro
with four-momentumbi at the positionr i ( i 51,2) «1 ,«2 are
the binding energies of the two bound electrons, andLi is the
CM momentum. The space coordinates of the electrons r
tive to the nucleus are

xW5rW12RW and yW5rW22RW ,

F1s2~x,y!5X1s~x!X1s~y! ~3a!

is the ground-state wave function of the He atom@13#,

X1s~x!5Ae2z1x1Be2z2x, A50.7349, B50.799,

z151.41, z252.61.

The final wave function of the system of two free electro
and the nucleus is

C f~r 1 ,r 2 ,R!5
1

~2p!3 S m2

p10p20
D 1/2

u~p1 ,r 1!u~p2 ,r 2!

3exp~ iRLf !Fc~pW 1 ,pW 2!exp~ ip1r 11 ip2r 2!.

~4!

L f is the CM momentum of the interacting system in t
final state. The Coulomb distortion factorFc(p1 ,p2) is given
as in @12#. l1 ,l2 are the polarization vectors of the tw
mutually perpendicular plane-polarized light with potentia
A1m(r 1 ,k) and A2m(r 1 ,k). The circularly polarized photon
Am(r 1 ,k) is given by

Am~r 1 ,k!5A1m~r 1 ,k!6 iA2m~r 1 ,k!

5~l16 il2!exp~ ikr 1!/A2k0~2p!3. ~5!

The1 ~2! sign indicates right~left! circular polarization.p1
andp2 are the four-momenta of the two electrons andk is the
momentum of the photon. The geometry of the reaction~1! is
taken similar to that in the experiment@5# such thatKW'pW 1 ,
pW 2 , lW 1 , and lW 2 , where l15(0;0,1,0), l25(0;1,0,0), k

5(k0 ;0,0,KW ), p15(p10;p1,0,0), andp25(p20;p2x ,p2y,0).
u is taken as the angle between the two ionized electrons
substitution from Eqs.~3!–~5! in Eq. ~2!,

SSO5C1

1

4 S e2

\cD 1/2

Fc~p1 ,p2!E ū~p2!ū~p1!

3exp~2 ip1r 12 ip2r 22 iRLf !gm~l16 il2!

3exp~2 ikr 1!u~b1!u~b2!exp~ ib1r 11 ib2r 21 iRLi !

3f1s2~x,y!d4r 1d4r 2d4R.

Taking L5l16 il2 , and knowing that at equal timer 10
5r 205R05r 0 ,

r
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SSO5L@ ū~p2!u~b2!#@ ū~p1!gmLu~b1!#E dr0

3exp@ ir 0~2p202p101k01b101b201Li02L f 0!#

3E F1s2~x,y!exp~ ipW 2•rW21 ipW 1•rW12 ikW•rW1

1 iRW •LW f !d
3r 1d3r 2d3R, ~6!

where

L5
1

4 S e2

\cD 1/2 1

A~2p!32Ã
C1 , ~7!

C15
1

~2p!3A m2

«1«2

1

~2p!3A m2

p10p20
Fc~p1 ,p2!,

and

Fc~p1 ,p2!5~2p!3Ah1h2, h15
zem2

\up1u

h25
zem2

\up2u
.

The products of the spinors are taken as follows:

T35ū~p1!Łu~b1!, T45ū~p2!u~p2!, ~8!

andŁ5lL.
After equal time integration overr 0 ,

SSO5LT3T4~2p!d~b101b201k01Li0

2p102p202L f 0!I SO. ~9!

I SO is the overlap integral,

I SO5E F1s2~x,y!

3exp~ ipW 2•rW21 ipW 1•rW12 ikW•rW1

1 iRW •LW f2 iRLW i !d
3r 1d3r 2d3R.

On substitutingrW15xW1RW and rW25yW1RW in I SO,

I SO5E F1s2~x,y!exp$ ipW 2•~yW1RW !1 ipW 1•~xW1RW !

2 ikW•~xW1RW !1 iRW •LW f2 iRLi%d
3x d3y d3R

5~2p!3d3~pW 11pW 21LW f2kW2Li !E F1s2~x,y!

3exp$ ipW 2•yW1 ipW 1•xW2 ikW•x%d3x d3y.

Using Eq.~3a! and integrating overx andy,

I SO5~2p!3d3~pW 11pW 21LW f2kW !F~z1 ,z2 ,p1 ,p2 ,k!,
~10!
03270
where

F~z1 ,z2 ,p1 ,p2 ,k!5H 8pz1A

~z1
21p2

2!2
1

8pz2B

~z2
21p2

2!2J
3H 8pz1A

~z1
21p12k2!2

1
8pz2B

~z2
21p12k2!2J .

Finally, the amplitude for the shake-off process is

SSO5d~b101b201k01Li02p102p202L f 0!

3d3~pW 11pW 21LW f2kW !LT3T4I SO~2p!4. ~11!

B. Two-step „TS… process

The amplitude for the TS process@Fig. 1~b!# is given by

STS5
1

4 S e2

\cD 3/2

Fc~p1 ,p2!exp~ iRLf !

3@c̄e~p1 ,r 18!gd S~r 182r 1!gmAm~k,r 1!C i8~r 1 ,R!#

3D~r 22r 18!@c̄e~p2 ,r 2!gmC i~r 2 ,R!#, ~12!

where ce(p1 ,r 1) and ce(p2 ,r 2) are the Dirac wave func-
tions for the two outgoing electrons at the verticesr 1 andr 2 .
D(r 22r 18) and S(r 182r 1) are the photon-propagator an
electron-propagator, respectively,

ce~r 1 ,p1!5C3u~p1!exp~ ip1r 1!, ~13!

ce~r 2 ,p2!5C4u~p2!exp~ ip2r 2!, ~14!

D~r 22r 18!52E d4q

~2p!4

exp$ iq~r 22r 18!%

q21 i«
, ~14a!

S~r 182r 1!5E d4s

~2p!4

exp$ is~r 182r 1!%

s”2m1 i«
. ~14b!

Wave functionsC i8(r 1 ,R) andC i(r 2 ,R) of the bound elec-
trons @Fig. 1~b!# at the verticesr 1 and r 2 are, respectively,

c i8~r 1 ,R!5C38u~b1!exp~ ib1r 1!F1s2~x,y!exp~ iRL1!,
~15!

c i~r 2 ,R!5C48u~b2!exp~ ib2r 2!FHe1~y!exp~ iRL2!.
~16!

L1 ,L2 are the CM momenta such thatL11L25Li , and

C35
1

~2p!3/2Am/p10, C45
1

~2p!3/2Am/p20,

C385C485
1

~2p!3/2Am/«1s,

F1s2(x,y) is as in Eq.~3a!, and
9-4
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FHe1~y!5N exp~2ay!, N5
1

Ap

z

a0
, a5

z

a0
.

~16a!

Z is the nuclear charge anda0 is the Bohr radius.
The spinor parts of the amplitude are

T15ū~p2!gmu~b2!,

T25ū~p1!~s”1m!L–u~b1!,

and substituting

L8~k,p1 ,p2!5
1

4 S e2

\cD 3/2 1

A~2p!32v
C3C4C38C48

3
1

~2p!8 Fc~p1 ,p2!

we get for the two-step amplitude~12!,

STS5E L8~K,p1 ,p2!T2T1F1s2 1S~x,y!FHe
1~y!

1

q2

1

s22m2

3exp@ ir 18~2p11s2q!1 ir 1~2s1b11k!

1 ir 2~2p21b21q!1 iR~L11L2!#

3exp~2 iRLf !d
4r 18d

4r 1d4r 2d4Rd4qd4S. ~17!

After integrating overr 18 andS and making equal-time inte
gration as in Eq.~9! and changingrW1 , rW2 in terms of the
relative coordinatesxW andyW , we get

STS5L8~k,p1 ,p2!E T2T1d~b101b201k01Li0

2p102p202L f 0!d3~kW2pW 12pW 22LW f !

3I TS

1

q2~s22m2!
d4qd3xWd3ȳ, ~18!

whereq05p202b20, s5p11q, LW 150W , and the overlap in-
tegral I TS is given by

I TS5E F1s2 1S~x,y!FHe1~y!

3exp@ ix~pW 11qW 2kW !1 iy~pW 22qW !#d3xW d3yW .

Using Eqs.~3a! and~16a! we get after integration overx and
y,

I TS5@AF~z1 ,pW 11qW 2kW !1BF~z2 ,pW 11qW 2kW !#@ANF~z1

1a,pW 22qW !1BNF~z21a,pW 22qW !# , ~19!

where
03270
F~z1 , tW !5
8pz1

~z1
21 tW2!2

.

C. Probability amplitude

The probability amplitude

uM f i u25 1
2 @~SSO1STS!~SSO1STS!*

1~SSO1STS!* ~SSO1STS!#

5 1
2 @~SSOSSO* 1SSO* SSO1STSSTS* 1STS* STS!

1~SSOSTS* 1STSSO* 1SSO* STS1STS* SSO!#. ~20!

1. Shake-off term

From Eq.~10!,

SSO5d~b101b201k01Li02p102p202L f 0!

3d3~pW 11pW 21LW f2kW !LT3T4I SO~2p!4SSOSSO*

5L2T3T3* T4T4* I SO
2 ~2p!8d~Ei2Ef !d

3~Pi2Pf !,

~21!

where energy conservation is given by

d~Ei2Ef !5d~b101b201k01Li02p102p202L f 0!.

Knowing that L65l16 il2 and since b15(b10,0), b2
5(b20,0), l15(0;0,1,0), l25(0;1,0,0), andb105b205m
2«1s , we get

b1p15b10p105~m2« ls!~m1E1!,

L6L6* 522, andL6b15L6b250. The trace part becomes

T3T3* 5ū~p1!Ł6u~b1!ū~b1!Ł6* u~p1!

5TrS Ł6

b11m

2m
Ł6*

p11m

2m D
5

4

4m2 @2~L6L6* !~b1p1!1m~L6L6* !#

5
4

4m2 @L6L6* ~2b10p101m2!#

5
2

m2 @m~E12«1s!2E1«1s#5T3* T3 . ~22!

Similarly,

T4T4* 5ū~p2!u~b2!ū~b2!u~p2!

5TrS b” 21m

2m

p” 21m

2m
D

5
4

4m2 @b20p201m2#

5
4

4m2 @2m21m~E22«1s!2E2«1s#5T4* T4 .

~23!
9-5
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2. Two-step term

From Eq.~18!,

STS5L8~K,p1 ,p2!E T2T1d~Ei2Ef !

3d3~kW2pW 12pW 22LW f !
1

q2

1

~p11q!22m2 I TSd
3q,

STSSTS* 5@L8~K,p1 ,p2!#2E T2T2* T1T1*

3d~Ei2Ef !d
3~kW2pW 12pW 22LW f !I ~q!2d3q,

~24!

where

I ~q!5I TS

1

q2

1

~p11q!22m2 .

After some lengthy calculations, the trace parts

T2T2* 5T2* T2

5
1

4m2 @~L6L6* !$216~sb1!~sp1!28m2~b1p1!

132m2~sb1!164m2~b1p1!116m2s228m2~sp1!

116m4%232~sb1!~L6* p1!~sL6!#, ~25!

wheres5p11q,

T1T1* 5T1* T15~4/m2!@22~b2p2!14m2#. ~26!

3. Interference term

SSOSTS* 5SSO* STS5~2p!4d~Ei2Ef !d
3~Pi2Pf !

3~LT3T4I SO!Fd~Ei2Ef !d
3~ P̄i2PW f !

3L8~K,p1 ,p2!E T2T1I ~q!d3qG* . ~27!

Since

T3T2* 5ū~p1!Łu~b1!ū~b1!Ł~s”1m!gdu~p1!, ~28!

T4T1* 5ū~p2!u~bz!ū~bz!u~p2!, ~29!

T3T4T2* T1* 5~T3T2* !~T4T1* !5A2q01B2uqu1C2 ,
~30!

where

A252
4

m3 @b0m22b0
2p101m2p202p20p10b0

1b0up1ip2ucosu#,
03270
B25
1

m3 @6up2ucosu~m22b0p10!

1~b0
21b0p20!~4up1ucosu2up1u!#,

C252
1

m3 @~m22b0p10!$8~b0p101p10p20

2up1ip2ucosu!22up1ip2ucosu%22~b0
21b0p20!up1

2u#,

andu is the angle betweenpW 1 andpW 2 .

D. Cross section

The momenta of the photoelectrons being taken asp1 and
p2 , andL f being the momentum of the recoil ion, using E
~20! the cross section for double ionization can be written

s5E 1

uku
uM f i u2

d3p1

~2p!3

d3p2

~2p!3

d3L f

~2p!3

5
1

~2p!9 E 1

uku
uM f i u2p1

2dp1p2
2dp2dVadVbd3L f .

~31!

The electrona with momentump1 is taken in thex direction
~Fig. 2! and the electronb with momentump2 is emitted at
an angleu relative to p1 . On integration over energy an
momentumd functions, the triple differential cross sectio
becomes

d3s

dVadVbdE1
5

1

~2p!9

1

uku
uM f i u2mp1mp2

5
1

~2p!9

1

uku
2m3AE1E2uM f i u2. ~32!

III. RESULTS AND DISCUSSIONS

In the present computation, we have considered the ge
etry of double photoionization as in the experiment, whe
the plane containing the directions of the two outgoing el
trons is taken perpendicular to the direction of propagation
the incident circularly polarized light~Fig. 2!. The two out-
going electrons are collected in coincidence in thex-y plane.
One electrona is collected in thex direction and the direc-
tion of collection of the other electronb is changed relative
to the first one. The results of the TDCS are then compa
with the existing experimental and theoretical data~Figs.
3–5! for an incident circularly polarized photon of positiv
and negative helicity having energy 93.5 eV, the relat
scattering angles between the outgoing electrons being
125°, and 150°, respectively. It is interesting to note that,
in the experimental and theoretical results@5#, the dichroism
vanishes at equal sharing of energy by the two electrons.
curves are like mirror images about the point of vanish
dichroism. The dominant contribution comes from the T
term.
9-6
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IV. CONCLUSION

In the present paper we have computed the TDCS
double photoionization using field theory and the Feynm
diagram. Although the usual quantum-mechanical appro
and the dipole approximation as mentioned in the Introd
tion can reproduce the experimental results@5#, application
of field theory in bound-state problems has its own intrin
appeal. Of the two diagrams corresponding to the shake
and two-step processes, the latter yields higher contribut
Like the existing theoretical works, in the present calculat
also the absolute magnitude of the TDCS is dependent
particular pair of energy (E1 ,E2) of the two emitted elec-
trons and the angle of emission between them. Circular
chroism is obtained here from kinematical consideration.
equal sharing of energy, dichroism vanishes. However,
unequal sharing of energy, the TDCS graphs for1ve and
2ve helicites become mirror images about the point of va
t,

s,

03270
r
n
ch
-

c
ff
n.
n

a

i-
r
r

-

ishing dichroism, as in the existing experimental and th
retical results. A slight discrepancy between the present
sult and the experimental results hopefully can be remo
by using more accurate correlated wave functions@6# in the
initial state and Coulomb distorted wave function@15# in the
final state, which we shall include in our subsequent cal
lations. Finally, we would like to point out that, in principle
field theory and Feynman diagrams are suited to explain
phenomena of double photoionization and circular dichroi
in a two-electron bound system.
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