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Double photoionization of He by circularly polarized light: A QED approach
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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 numbsgps): 32.80.Fb, 33.55.Ad

[. INTRODUCTION energy andb) the direction of incident light and the direc-
tion of the two ejected electrons are not lying in one plane.
Double photoionization DPI) of He is consistently at- The experimental resul{&] compared well with the theoret-
tracting a great deal of attention both experimentally andcal computations of Berakder and KIéFfigs. 3—5.
theoretically{1-10]. DPI of the free atom is a manifestation = This paper is an attempt to see the same effect from the
of electron-electron correlation. There are a good number gberspective of QED and Feynman diagrams. So far the field
theoretical and experimental works on double photoionizatheory and Feynman diagrams are successfully used in
tion of He by linearly polarized light. Up until now, calcula- bound-state problems to calculatkarge transfef11], ion-
tions on DPI were based on the first-order perturbatiorization excitation[12], and below threshold excitation by
theory and dipole approximation for radiation fields2,7—  electrons and photor{d3]. We are tempted to use the QED
10]. Berakdar and Klaf2] calculated DPI bycircularly po-  technique in the present bound-state problem to calculate
larized light (CPL) using the dipole approximation, corre- DPI by CPL. Use is made of the covariant Lorentz gauge
lated wave functions, and Coulomb distortions in the finalfrom the onset as well as Dirac spinors and relativistic wave
state. In particular, Klar and collaboratdil used tensorial functions for the interacting particles. We wish to clarify that
calculus and a laboratory-fixed frame in the independentwhile we will restrict ourselves to low-order perturbation
particle approach to derive a general expression of the tripléheory with regard to radiation fieltbrderse ande® S ma-
differential cross sectiofTDCS) from which the helicity triceg, we can obtain results accurate to all orders in Cou-
dependence of the DPI cross section by CPL was obtainedbmb coupling by a suitable choice of the wave function. To
Huetz and collaborator$7(a),7(b),8] used a body-fixed estimate the effect of Coulomb coupling over thenatrix
frame collective-coordinate approach in the dipole approxiparticle-radiation field coupling, we multiply the unperturbed
mation to establish an alternative expression of the TDCSfinal wave function by the Coulomb distortion factdr2,13.
Malegat and collaborator®(a),9(b)] linked the above two The Feynman diagrams contributing to DPI arigedue to
approaches and obtained a generalized version of the TDCBe shake-off{SO) process andii) due to the two-steiTS)
which can be applied to DPI by CPL. Berakder and KB  process. The SO process is one in which the photon striking
predicted the helicity signature in the TDCS by photons ofthe target ionizes one of the bound electrons and, subse-
right-handed(RH) and left-handedLH) circular polariza- quently, due to a change in the static correlation causing a
tion. Klar and collaboratorgl] have shown that photoioniza- change in the Coulomb field of the nucleus, the remaining
tion of a randomly oriented free atom by CPL produces pho<lectron is shaken off. The process is given by the first-order
toelectron pairs with the ability to distinguish a RH from a Feynman diagrarfFig. 1(a)]. This diagram can be identified
LH coordinate frame. Results of their numerical calculationswith the first-order Born ternfordere Smatrix) from which
on He[1] show the amount of circular dichroism to dependthe usual dipole approximation can be obtained. In the TS
strongly (i) on the choice of wave function use(,) on the  process, the photon striking the target ionizes one of the
energy distribution of photoelectrons, afiidl) on the relative  bound electrons and, subsequently, due to dynamic correla-
angle of emission. Berakdar in his latest wdrk0O] has tion the ionized electron exchanges a virtual photon with the
shown that although helicity of CPL has no dynamical effectremaining bound electron to dislodge it from the nucleus.
on DPI, phase differences in the amplitudes can be obtainefihe corresponding Feynman diagréFig. 1(b)] is of third
by variation of the helicity of the absorbed photon. The cir-order. The TS process can be identified with a third-order
cular dichroism was subsequently verifiggl. It was found  Born term(ordere® Smatrix). The interference between SO
that the necessary conditions to observe nonvanishing dand TS terms is significant.
chroism are(a) the two electrons unevenly share the excess We calculate the TDCS for DPI of He for the same geo-
metric configuration(Fig. 2) as was done in the coincidence
experiment[5]. There, the two electrons ionized by a 93.5
*Corresponding author. Mailing address: 370/1, N.S.C. BoseeV photon moving in the direction were viewed in thg-y
Road, Calcutta-700047, India. plane. One of the photoelectrons, is viewed in a fixed
Email address: sbgcmr@cal2.vsnl.net.in directionx. The second photoelectrob, is collected in the
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FIG. 1. Feynman diagrams fde) shake-off process antb)
two-step process. The bound electrons are represented by a thick 05
line with arrow, the ionized electrons are represented by a thin line
with arrow, the dashed line represents the Coulomb photon, and the 0.0 4.0 8.0 12.0 16.0
wavy line with arrow is the transverse photon while the wavy line Kinetic Energy E4 (eV)
without arrow is the virtual photon.

FIG. 3. Triple differential cross sectioiTDCS) for double

. ) photoionization of He (&) by a right circularly polarizedRCP
x-y plane. Although the cross section has no dynamical dezpq jeft circularly polarizedLCP) photon of energy 93.5 eV with

pendence on helicity, its effect on DPL is obtained here frome|ative angle of emission 85°. Present theory: RCP light, solid
a kinematical consideration. From the physical point of view,jine; LCP light, line with stars. Other theory as in RES] having

the electric-field vectors of the polarized light directed alonga multiplying factor 0.27: RCP light, line with solid triangles;
the directions of polarization are effective in the ionization of LCp light, line with open triangles. Experimef]: RCP light,

the atoms. With the change of chirality of the circularly po- solid circles; LCP light, open circles.

larized light, the electric-field vectors rotdte4]. As the mu-

tually perpendicular polarization vectdig] in the circularly  tive scattering angles 85°, 125°, and 150° between the out-
polarized light rotate with the change of helicity, the two going electrons. It is interesting to note that, in the present
ionized electrons that are scattered at a certain angle betweggse, the dichroism vanishes at an equal sharing of energy
them for a partiCUlar hellClty will reverse in their role in between the two e|ectr0nS, as it does in the existing experi_
sharing the kinetic energy and momentum with the change dhental and theoretical results. The TDCS curve with respect
helicity. Eventually, the electrors andb (Fig. 2) with mo- o the energy of an electron in a particular direction for light
mentap, andp,, respectively, for positive helicity will have with positive helicity appears as the mirror image of the

momentap, andp,, respectively, when the helicity becomes similar curve by light with negative helicity about the line of
negative. Thus the source of dichroism is due to an exchandgqual energy sharing.

of momentum distribution with the change of chirality of the

circularly polarized photon. The dichroism, however, will

not exist if the two electrons share equal energy because of Il. THEORETICAL FORMALISM

the indistinguishability of the electrons. The present results |, QED a composite system of bound particles is repre-

of the TDCS are compared with the existing experimentakenteq by a string of field operators operating on a particle

and theoretical result§igs. 33 for incident CPL of posi- \acuum and multiplied by the unperturbed solution of the
tive and negative helicity with energy 93.5 eV for the rela-
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FIG. 2. Representative diagram showing the geometry of inter-
action (see text FIG. 4. Same as in Fig. 3 for angle of emission 125°.
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where u(b; ,r;) is the Dirac spinor for the bound electron

6.0~ Angle =160 hv =93.6eV with four-momentunb; at the positiorr; (i=1,2) ¢4,¢e, are
551 the binding energies of the two bound electrons, lanad the
L S L{ N CM momentum. The space coordinates of the electrons rela-
45} . . . tive to the nucleus are

- L /‘/ L &

Yo s , X=r;—R and y=r,—R,

@30 N '

EL » % 6\ D12(X,Y) = Xps(X) X1s(Y) (33
2.0 Lo
15 . \ is the ground-state wave function of the He atfi8],
1.0 AP *

A N R Xis(x)=Ae ?*+Be %%, A=0.7349, B=0.799,

0.0 2.0 4.0 6.0 8.0 100 120 140 1560
Kinetic energy Eq(eV)

z,=1.41, z,=2.61.
FIG. 5. Same as in Fig. 3 for angle of emission 150°, the other
theoretical curve$5] having a multiplying factor 0.48. The final wave function of the system of two free electrons
and the nucleus is
Schralinger equatioi11-13. Creation and annihilation op-
erators of the particles bound to the Coulomb field of the 1 ( m2

1/2
nucleus obey equal-time commutation relations. There will W¢(r{,r,,R)= ——=3 ) u(py,ryu(pa,ro)

be no loss of generality to represent the bound electrons by (2m) | P1oP20

the Feynman directed lines. The amplitude for DPI reaction Xexp(iRLs)Fo(Py,Po)explipri+ipary).
under consideration is given by the sum of the amplitudes of

the SO and TS processes. The first-orfenatrix [Fig. 1(a)] (4)

contains electron current and the incident circularly polarized

photon. The second electron is shaken off due to a change in Lt is the CM momentum of the interacting system in the
the static correlation, i.e., a change in the Coulomb field ofinal state. The Coulomb distortion factbg(py,p,) is given
the nucleus. In the TS process corresponding to the thirdds in[12]. A3,A, are the polarization vectors of the two
order Feynman diagraffrig. 1(b)], double ionization occurs mutually perpendicular plane-polarized light with potentials
due to dynamic correlation between the two electrons. Thé\1,(r1,k) andA;,(r,,k). The circularly polarized photon
third-orderS matrix contains an electron propagator, a pho-A,(r1,K) is given by

ton propagator, electron current, and a circularly polarized

photon. The reaction under consideration is ALy, K)=Ap,(ry,K) =iA,,(r1 k)

He(1s?)+ y(hr=93.5 e)=He? +e +e . (1) =(\1FiNp)explikr)/V2ko(2m)°.  (5)

The + (—) sign indicates rightleft) circular polarizationp,
andp, are the four-momenta of the two electrons &risl the
The amplitude for the SO procefiSig. 1(a)] is given by  momentum of the photon. The geometry of the reactigns

L he) VAT O taken similar to that in the experimef] such that L p,
SSO_Z(e C) 2[ f(rl,fz,R)Y,,,A,L(fl, ) i(r1!r21R)]' [32, X’l, and ):2, Where)\lz(O;O,l,O),)\2:(0;1,0,0),k

@ =(ky;0,0K), P1=(P10:P1,0.0), aNAPr= (P20;Pax:P2y.0).
y,, is the Dirac matrix andh,(r,) is the wave function for 0is taken as the angle between the two ionized electrons. On
2 “

the circularly polarized photom, , r,, andR are the space- Substitution from Eqst3)—(5) in Eq. (2),
time four-coordinates of the two bound electrons and the

A. Shake-off process

nucleus, respectively. The initial wave function of the system 1 e?| 12 _
of bound electrons in the He atom is given agis], so=Ciz |75 FelP1.p2) | ulp2)u(pa)
1 Xexp(—ipiri—iparo—iRLg) v, (A1 £iky)
Vilrar2 RI= dagXy) 5 X exp —ikry)u(by)u(by)exp(ibyry+ibor,+iRL)
m2 172 X ¢152(X,y)d4l’ 1d4r 2d4R.
X - ) u(byq,ryu(by,ry)
w2 Taking L=X\;*i\,, and knowing that at equal timeq
XquiRLi)eXﬁiblrl‘i‘ibzrz), (3) :rZOZROZro,
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Seo= AT P u(b,) I[Tpy) y,Lu(by)] [ g

Xexgiro( —P2o— P10t Ko+ bigt bt Lig—Lio)]

X f @152(X,y)exqiﬁ2' F2+|ﬁ1 rl_”Z I?l
+iR- L) d3r d%,d°R,

where

1 e2 1/2 1
ST,
4\fic (272w

oo 1 [m? 1 [ m? F.( )
(23 e182(27m)° N pygPay © P1:P2),

and
zent
FelPyp2) = (2N mamer =gt
_zem’-
2 h|pol”

The products of the spinors are taken as follows:
T3:U(pl)tu(bl)r

andb=\L.
After equal time integration ovary,

T4=u(py)u(py),

Sso=AT3T4(27) 8(b1gF byt Ko+ Lig
— P10~ P20~ Lol so

| sois the overlap integral,

Isozf D12(X,Y)
X exp(ify- Fptipy-Fi—ik-fy
+iR-L;—iRL;)d3% ,d%,d°R.
On substituting’; =X+ R andf,=y+R in I 5o,
oo~ | Prxy)extiny: (7+R)+ipy- (x+R)
—ik-(X+R)+iR-L;—iRL;}d3x d®y R
=(2m)36%(Py+ P+ Li—k—Ly) f D 12(X,Y)
X explip,-y+ip;- X—ik-x}d3x d®y.
Using Eq.(3a and integrating ovex andy,

lso= (2m)38%(Py+ P+ L1 —K)F(21,25,p1,P2.K),
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where

8wz A 8mz,B ]
J’_
(Z5+p3)?  (5+p3)?

F(Zl!ZZ!p1!p21k):[

87721A 87TZZB
x 2 2 2+ 2 22|
©) (zi+p1—k9)° (z5+p1—k9)
Finally, the amplitude for the shake-off process is
Sso= 8(b191 boot Ko+ Lig— P10~ P20—Lto)
0 X 831+ Pot Li—K)AT3Talsg2m)% (1)
B. Two-step (TS) process
The amplitude for the TS procefBig. 1(b)] is given by
2\ 3/2
STS:Z(%) Fe(p1.p2)expiRLy)
X[Pe(P1 1) Y5 ST 10) 7, Ak )W (1, R)]
XD(rp= D[ Ye(P2,12) 7, ¥i(r2,R)], (12)
where ¥o(p1,r1) and (p,,r,) are the Dirac wave func-
tions for the two outgoing electrons at the verticeandr .
(8 D(rp—ry) and S(r;—r,;) are the photon-propagator and
electron-propagator, respectively,
Pe(ry1,p1)=Cau(pr)expipiry), (13
Pe(r2,p2) =Cau(pa)expipary), (14)
9 .
) d*q expliq(r,—ry)}
D(ro—ry)=-— 2m)° tie , (149
) d*s explis(ri—rq)}
S(rl_rl)_f (2m)?*  $-m+ie (14D
Wave functions?/(r,,R) and¥(r,,R) of the bound elec-
trons[Fig. 1(b)] at the vertices; andr, are, respectively,
i (r1,R)=Cau(by)explibyr,)®i(x,y)expliRLy),
(15
i(r2,R)=Cu(by)exp(ib,r,) Pyet (y)expiRLy).
(16)
L,,L, are the CM momenta such thaf+L,=L;, and
1 1
C3=(2—7T)372\/m/p10, C4=(2—W)mvm/pzo,
! ! 1
C3=C4=(2T)3§ \/mlsls,
(10  P,(x,y) is as in Eq.(3a), and
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V4 z

1
Dt (y)=Nexp —ay), N:\/_;a_o’ _ao'

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

T1=u(p2) y,u(by),
To=u(py)(8+m)tu(by),
and substituting

1

2\ 32
A'(k.pl,pz>=z<%) V2m 20

C3C4CiC)

1
X(ZT)ESFC(pLPZ)

we get for the two-step amplitudé2),

1
Srs= f A (K,p1,p2) ToT1 @102 15(X,Y) P () P

Z-m?
xXexgiri(—p;ts—q)+iry(—s+b;+k)
X exp( —iRL;)d*r ;d*r ,d*r,d*Rd*qd*S. (17

After integrating over; andS and making equal-time inte-
gration as in Eq.(9) and changing’;, f, in terms of the
relative coordinateg andy, we get

Srs=A'(k,p1, pz)f T,T16(b1gt byt Kot Lig
~ P10~ P20~ Lf0)53(|2_ P1—P2— I:f)
d4qdPxdly,

X Tsm (18)

whereqo=poo—bog, S=p1+4, I:1=6, and the overlap in-
tegrall g is given by

l+s= J D1215(X,Y)Pret(Y)
X explix(fy+G—K) +iy(F,—G)1d3% dy.

Using Egs.(3a) and(16a we get after integration overand
y!

lrs=[AF(zy,p1+G—K) +BF(z,,p1+G—K) I[ANF(z,
+a,p—§)+BNF(z+ a,p,—G)], (19

where

PHYSICAL REVIEW A62 032709

> 87721
F(z1,t)= ———.
(Z2+12)?

C. Probability amplitude
The probability amplitude
[Mi|?=2[(Ssot Srs)(Ssot Sre)*
+(Ssot Srs)* (Ssot Srs)]
=3[(SsoSsot SéoSsot StsStst StsSrs)
+(SsoStst SrS50t S5oStst STsSso) 1. (20)

1. Shake-off term
From Eq.(10),

Sso= 6(b1ot bt Ko+ Lio— P10~ P20~ L 10)
X 33(Py+ Pt L= K)AT3T,l so(2)*Ss0Sho
= ATRT5 T, T5152m)88(E; —Ef) 8%(Pi—Py),
(21)
where energy conservation is given by
O(Ei—Ef)= (bt bagt kot Lio— P10~ P20~ L+o)-

Knowing that L.=X\;*i\, and since b;=(b4,0), b,
=(b20,0), )\1:(0,0,1,0),)\2:(0,1,0,0), and)10= b20:m
—&15, We get

b1p1=Db10P10= (M=) (M+Ey),
L.L%*=-2,andL.b;=L.b,=0. The trace part becomes
T3T3 =u(py)t-u(by)u(b)tiu(p,)
+m _ p;+m

1 *
2m T 2m

b
=Trl L.
4 * *

= gzl (LeLE)(bypy) +m(L.LY)]

4 * 2
= W[Lil—i(_bloplo"‘m )]

= Hi[m(El_sls)_Elgls]:TgT& (22
Similarly,
T4T: =u(pz)u(by)u(by)u(p,)
__[bytmpy+m
B 2m  2m
4 2
= W[bzopm*‘m ]
4 2 *
=W[2m +M(Ey—&15) —Eze1] =T34 Ts.
(23
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2. Two-step term
From Eq.(18),

STS:A,(Kaplva)f T,T16(E;—Ey¢)

1 1 ,
g° (p1+q)*— m? 740

X 8%(k—py— po—L f)
STSS$S=[A’(K-plyp2)]2f T T5Ti T

Lo)l(q)%d%q,
(24)

X 8(E;—Ey) 8%(K— Py — Po—

where

(@)=1 1 1
o (Pt ) 2—m
q TS, ( q _
After some lengthy calculations, the trace parts

T2T§ = T; T2

1
:W[(L:Li){_16(5b1)(5p1)_8m2(b1p1)

+32m?(sby) + 64m?(b,p;) + 16m?s?>— 8m?(sp,)

+16m*} —32(shy) (LY py)(sL+)], (25)
wheres=p;+4,

T Ty =T Ti=(4m?)[—2(byp,) +4m?].  (26)

3. Interference term

SsoShs= SEoSrs= (2m)*8(E;— Ef) 83(P; — Py)
X (AT3T4ls0)| 8(E;—E) 8*(Pi—Py)
XA’(K,pl,pz)f T,T,11(q)d%q (27)
Since

TsT5 =u(pytu(by)u(byL(s+m)ysu(py), (28
T,TT =u(pz)u(b)u(b,)u(py), (29

TaT,T5 T =(T3T5)(T4T1)=Ax00+By|q|+Cy,

(30

where

4[b m?—b2p;0+ M2Pog— PooP1dd
Azz_ﬁ oM —VYoP10 20~ P2oM10Yo0

+bo|p1/ p2lcose],

PHYSICAL REVIEW A 62032709

1
Bzzmg [6]p2|cosf(m?—bgpyo)

+ (b5+bopao) (4] ps|cosd—|pa|)],

1
Co=- Hg[(mz— boP10{8(boP10+ P10P20

—|pallp2lcos) — 2| p4llp2|cosé} — 2(bg+ bopao) | Pl 1,

and 6 is the angle betweep,; andp,.

D. Cross section

The momenta of the photoelectrons being takep,aand
p-, andL; being the momentum of the recoil ion, using Eq.
(20) the cross section for double ionization can be written as

f M2 dp; dp, dLy
|k| " (277)3 (2m)3 (2m)®

(3D

The electrora with momentump, is taken in thex direction
(Fig. 2) and the electrof with momentump, is emitted at
an angled relative top,. On integration over energy and
momentum§ functions, the triple differential cross section
becomes

dc 1 1 .
andedEl_ (2,”.)9 M| fil mp;mp,

1 1
:W m2m3\/ElEz|Mﬁ|2. (32)

IlI. RESULTS AND DISCUSSIONS

In the present computation, we have considered the geom-
etry of double photoionization as in the experiment, where
the plane containing the directions of the two outgoing elec-
trons is taken perpendicular to the direction of propagation of
the incident circularly polarized lighfFig. 2). The two out-
going electrons are collected in coincidence inxhg plane.

One electrora is collected in thex direction and the direc-
tion of collection of the other electrom is changed relative

to the first one. The results of the TDCS are then compared
with the existing experimental and theoretical défags.
3-5 for an incident circularly polarized photon of positive
and negative helicity having energy 93.5 eV, the relative
scattering angles between the outgoing electrons being 85°,
125°, and 150°, respectively. It is interesting to note that, as
in the experimental and theoretical resiyif$ the dichroism
vanishes at equal sharing of energy by the two electrons. The
curves are like mirror images about the point of vanishing
dichroism. The dominant contribution comes from the TS
term.
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IV. CONCLUSION ishing dichroism, as in the existing experimental and theo-
retical results. A slight discrepancy between the present re-

In the present paper we have computed the TDCS fogult and the experimental results hopefully can be removed

double photoionization using field theory and the Feynmal y Using more accurate correlated wave functigisin the

diagram. Although the_ usu_al quantum_—mechanlcal approaciliia| state and Coulomb distorted wave functidi®] in the
and the dipole approximation as mentioned in the Introduc:

tion can reproduce the experimental res{ii§ application final state, which we shall include in our subsequent calcu-
P P PP lations. Finally, we would like to point out that, in principle,

of field theory in bound-state problems has its own mtrmsmiield theory and Feynman diagrams are suited to explain the

aﬁgeta}' OI the rtwo d|agra;rr?s Ic%rr(ras?olgdlﬂig :10 rthe r?tl:i%k?i-o henomena of double photoionization and circular dichroism
a 0-Step processes, the latler yields higher co UUOTE, 3 two-electron bound system.

Like the existing theoretical works, in the present calculation
also_ the abS(_)Iute magnitude of the TDCS is dependent on a ACKNOWLEDGMENTS

particular pair of energyH,,E,) of the two emitted elec-

trons and the angle of emission between them. Circular di- S.B. would like to thank Professor F. H. M. Faisal of
chroism is obtained here from kinematical consideration. FoBielefeld University, Germany, for encouraging study of the
equal sharing of energy, dichroism vanishes. However, foproblem of double photoionization in a field-theoretic tech-
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