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Circular dichroism at equal energy sharing in photo-double-ionization of He

PHYSICAL REVIEW A 70, 010702R) (2004
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Interference between dipole and quadrupole transition amplitudes in photo-double-ionization of He by an
elliptically polarized vuv photon is shown to induce circular dichroism in the case of equal energy sharing. The
magnitude of this retardation-induced dichroic effect is estimated and its impact on the nondipole asymmetries
of the triply differential cross section is demonstrated.

DOI: 10.1103/PhysRevA.70.010702 PACS nuniber32.80.Fb

The process of photo-double-ionizatigRDI) of He has In this Rapid Communication we analyze the impact of
attracted much interest during the last decfd€d]. Experi-  nondipole effects on the light polarization dependence of the
mental measurements of the PDI triply differential cross secTDCS in the vuv region of photon energies. We find that the
tions(TDCS9 have been interpreted using the electric-dipolemost interesting polarization features, induced by the inter-
approximation(EDA) for the electron-photon interaction. ference of dipolgE1l) and quadrupol€E?2) transition ampli-
Within the EDA, the dependence of the TDCSs on the mutudes,Aq andA,, appear at equal excess energy sharing. For
tual angle,f;,= 0, between the photoelectron momenpa, this case we predict a nonzero CD effect as well as CD-
andp,, and on the photon polarization is now well-studiedinduced differences in the nondipole asymmetries of the
for photon energies up to a few hundred eV. A most interestTDCS with respect tqi) inversion of the photon beam di-
ing feature of PDI is the circular dichrois(€D) effect, i.e., rection and(ii) reflection of the electron pair with respect to
the dependence of the TDCS upon the handedness of dhe photon polarization plane.
elliptically polarized photorti.e., upon the sign of the degree  The dipole-quadrupole TDCS for PDI of He by an ellip-
of circular polarization£, where —k=¢=<+1). The CD ef- tically polarized photon with complex polarization vector
fect for PDI of He was first predicted theoretical¥] and e[(e-e*)=1]is
then observed experimental[$]. Up to now, all theoretical 3 - 2
treatments of CD have employed the ED#Refs. PPol(dEdQ,d€y) = o= AJAg+ Al (1)
[1,3,4,6-13 and their predictions are generally in agree-where.4=4m2ap,p,/ w is a normalization factorg=1/137,

ment with experiment$12-1§. Measurement of CD pro-  and atomic units are used. The quadrupole amplitygeay
vides a sensitive means for probing two-electron dynamics ifhe parametrized as followd.8]:

PDI, since the photon-helicity-dependent CD term in the

TDCS originates from an interference between real and Aq=gi(e Pk - Py) + gole- po)(k - py)
imaginary parts of particular components of ttgenerally PN PN
non-Hermitian PDI amplitude[4,7]. Dichroic effects thus +gd(e-pyk-py) +(e-pk-py)l, 2

permit direct experimental measurements of this otherwisgvhere the dynamical factors arg,=g(p,,p,,cos6), g,
elusive “cross-interference” caused by the pseudoscalar ori-
gin of the parameteg [17].

A distinct feature of the CD effect within the EDA is that
it vanishes atequal energy sharingp;=p,), since in this
case the PDI amplitude involves only a singlelependent
scalar componerias explained beloyyOne may expect this
rule to fail if one treats the electron-photon interaction be-
yond the EDA, i.e., if one introduces the dependence of the
TDCS upon the wave vector of the incident light waios
upon its spatial inhomogenejtyAs has been shown recently
[18] (for the case of the quadrupole-induced asymmetry of
the TDCS with respect to the direction of a linearly polarized

p_hoton beary retardatlo_n effects can modify the T_DCS CON-  FIG. 1. Geometries suitable for observation of retardation-
siderably even at relatively small excess energies. ThougRqyced polarization effectsa) Geometry at which the equal en-
existing measurements of the CD eff¢t2—1§ do not show  grgy sharing CD effect is maximal. Electrons are detected irxthe
any signatures of nondipole effects, this fact is expected besjane, at angles ofé/2 with respect to the axis. The photon wave
cause all of them have been performed in the orthogonajectork lies in theyz plane and makes an angle 45° with thexis.
geometry(i.e., when the photon wave vectdx, is orthogo-  (b) Geometry for observation of the retardation-induced asymme-
nal to the detection plane spanned by the veqberandp,), tries in the TDCS. The first electron is ejected alongxtexis and

in which case the lowest-order retardation effects do not conthe second onévhose angular distribution exhibits the asymmpgtry
tribute to the TDCH18]. along (6, ¢,). (Concerning the angles,, and ¢,,, see Fig. 3.

(@) (b)

1050-2947/2004/10)/0107024)/$22.50 70010702-1 ©2004 The American Physical Society



ISTOMIN et al.
20 10
. T
® Bl
T 7
@ T el
o 2
it A
= S4r
— —
= =
w ST w .,
&) (O
&) [a)
= 3
0 0
6 5
a0 &
[ L
=AY 4 Fan
| \ / 1
FIEEAY N
(M \ ’ o 3 P
sl \ / 2
o 3T \\ 7 o
L \ / Lot
=2 \ )/ =
= \ =
1) \ il w |
O N g o
a () ~ ”4 [}
) Y &
0 . . . . 0
174 176 178 180 182 184 186
6 ! . ! ; . 4
— —
e 1o
&7 7o
2 ¥ |
= =1
T o
20 =0
o -
| [t
=2k =)
— —
= =
(©) (g}
-6 -4
90 120 150 180 210 240 270 90 120 150 180 210 240 270
0.6 T 0.6
0.4 0.4
0.2 L 02
& 0 & 0
0.2 0.2
04 - 04
(d) )
0.6 : : . 0.6 . . . :
90 120 150 180 210 240 270 90 120 150 180 210 240 270
8 (deg) 8 (deg)

FIG. 2. The TDCS9) and absolutéAp) and relative 5cp) CD
parameters for PDI of He using circularly polarized light, plotted vs
the mutual ejection anglé. The geometry is as shown in Figial
In (a),(b),(e),(f), full curve: o(é=+1); dashed curves(é=-1). The
plots in(b),(f) show the TDCSs in the range of 174°9<186°, in
which the parametef.p is large.

=9(p2, p1,€0s0), andgs=gs(P1, P2, c0SE) =gs(P2, P1, COSH).
The dependence of the functiogsand g on the mutual
angle ¢ have been parametrized in Rdf8] in terms of
derivatives of the Legendre polynomiaB,(cosé), and re-
duced matrix elements of the quadrupole momentum oper
tor between the initiatSy-state,|0), and theD-wave compo-
nent of the two-electron continuum stat@,p,), with
individual angular momenthand|’ =1, |+2. The parametri-
zation of the dipole amplitudéyy, is well-known(see, e.g.,
Refs.[1,7]),

Ag=Tfi(e-py) +fa(e-Po), (3
where f;=f(p4,p»,cos6), f,=f(p,,p;,cosh), and the func-
tion f(p,p’,cosé) is given in Ref.[7] in terms of P/ (cos)
and the reduced dipole matrix elements betwi@rand the
P-wave component ofp;p,) with individual angular mo-
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mental and!’=l+1. Note thatf,=f, and g,;=g, for equal
energy sharing.

For analysis of photon polarization effects, it is conve-
nient to parametrize the TDC@Ll) (neglecting the small
terms~|A¢|?) similarly to that for the dipole PDJ7]:

o=Afcile- i+ cle- pol? + Recy[ (1 = €)((Py - Bo)
= (k- po)(k - p) + 20(e - py)(& - py)]
+EIm ca(k - [By X P2}, (4)
where the coefficients;, however, are novk-dependent:

¢, = |f1)2+ 2 Refg;(k - ) + F1gu(k - Bo)],
C=|f|2+ 2 REFLG5(K - o) + F0u(k - py)],

cs= 1y + (f105 + 500 (K - Py) + (Fogs+ F193)(K -py).  (5)

The parametef in Eq.(4) is the degree of linear polarization
of an elliptically polarized photonf{=€?={1-£&, and the
unit vectore is directed along the major axis of the polariza-
tion ellipse.[Note that Eq(4) may be easily rewritten also in
terms of the Stokes paramete® [1]; in particular, &
=ik-[exe*])=-§]

Theab initio parametrization of the TDCS in Eqgl) and
(5) is independent of the dynamical model used for descrip-
tion of the correlated electrons and allows one to perform a
complete analysis of nondipole effects for arbitrarily polar-
ized photons. The CD effect is described by the term propor-
tional to ¢ in Eq. (4). Thus the absolute CD parameter,
Acp=o0({=+1D-o0(é=-1), is

Acp=2A1Im C3(|2 [P X P2D). (6)
If one keeps only the teryf; in Eq. (5), the parameteAp

in Eq. (6) (where Imcy=Im{f;f5}) reduces to the known re-
sult for the dipole CD4,7], whereas the nonzero imaginary
parts of other terms in Eq5) determine the contribution of
retardation effects td.p. At p;=p,, we havef,;=f,, so that
Im{f,f,}=0 and the dipole CD vanishes. However, the
retardation-induced CD effect remains nonzero eveip,at
=P2

In order to analyze the dipole-quadrupole TDCS at equal
energy sharing, it is convenient to use the parametrization of
in terms of the symmetrized combinations fof and p,:
=(p1+P2)/2 andp-=(p;—p,)/2. [Note that(p.-p-)=0]
With these definitions, Eqg2) and (3) have the following
forms:

Ag=19(e-p,) + e p.), (7)
Ag=99(e-p)k-p,) +g9e-p)(k -p.)
+g¥(e-p)k-p)+(e-pIk-p)l, (8

where the symmetrized amplitudes af&®=f,+f,, fW=f;
-f,, 99=g,+g,+2g, and g¥=g,;-g, For equal energy
sharing,f¥=g¥=0. [This description is very similar to the

well-known parametrization of the dipole amplitudq in
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terms of the vectorp; = p, and the symmetrizetjerade and o o — (k.5 (k. OV :

ungeradg amplitudesa,, [1,8,19; note thatf@W=2 2ag,,] 2(-p)(k-[p-xp.]) (I_( 2k -y)5|n(¢.9/2)sm0

The parametrization of our symmetrized amplitudes in terms = sin(26,)sin ¢ sir’(6/2)co 6/2).
of Legendre polynomials and reduced matrix elements fol- (11
lows immediately from that for the functiorf§p,p’,cos6)

[7] andg(p,p’,cos6), gs(p,p’,coso) [18].

The TDCS in terms of the symmetrized ampli-
tudes has a form identical to that in Eq&l) and (5)
provided the  substitutions, {p1,P2,f1,f2,01,95,04
—{p,,p_,f@ W g9 ¢9 g} are made. Although this
parametrization does not simplify the general analysis, i
leads to a simpler form of the TDCS for an elliptic polariza-
tion for the case of equal energy sharing:

The modulus of this expression is maximal #f=+/4 and
¢ =x7/2 [see Fig. 8)]. Thus, these configurations corre-
spond to maxima of the CD effect.

In order to estimate the magnitude of retardation-induced
olarization effects, we have used lowest-order perturbation
heory in the interelectron interaction to calculate the func-

tions f(p,p’,cosh), g(p,p’,cosh), and gyp,p’,cosh). As
in Refs.[11,217], for excess energies of the order of tens of
eV, final state electron correlations are taken into account
oled = 2 ©*n(©) ) perturbatively to lowest order, and the He ground state is
= A[f9]2+2 R g0}k - p.)]le-p.] represented by the variation@incorrelategl wave function
" N - having the effective nuclear charg@e=27/16. This approach
+ AR(f9" g9}k -p[26(2-p)(&-p) + (£~ 1) has been shown in RefEl1,2] to provide reasonable pre-
x(lz -p+)(I2 -p_)]+(§/2)AE§§, 9) g:%ilzrslsaiofgoggwe dipole TDCS(except for small mutual
In Fig. 2 we present our results for the TDC&;p, and
the relative CD parameteiep=Acp/[o(+1)+o(-1)], for
photon energies of 159 e\2a—2d and 318 eV (2e-2bh,
which correspond to excess energies of 80 eV and 239 eV
[22]. The geometry is as in Fig.(d). Individual electron
9 _ @ @V N angular momenta up tb=5 are accounted for in the ampli-
Acp =24 Im{f9 g}k - [p- X p. Dk -p-). (100 tudeA,, and up to=6 in A As Fig. 2 shows, there are two
possibilities for observation of CD at equal energy sharing:
e o o ) (i) for 120°< §<140°, where the TDCS is maximum, the
The geometry for whichAcy has “kinematical” maxima  effect is 3—4%:(ii) for 6 in the range 174°-178° or 182°—

may be deduced by supposing that the vectorandp. are  186°, where the TDCS is smaller, the effect is in the range of
directed along the andx axes of a coordinate frame, so that 20_g0os.

where 2e-p,[2=2¢(&-p.)?+(1-€)[k X p, ]2 [20], and where
the absolute CD parameter[isf. Eq. (6)]:

the y-axis is directed along the vector prodye.xp.] As shown above, the CD effect is caused by the “cross-
=[P1XP.]/2 [see Fig. 1a)]. In terms of 6 and ¢, the interference” term, IF@ g9}, in the TDCSIcf. Egs. (9)
spherical angles of the vectlr we obtain and (10)], whose measurement is possible, e.g., in two ex-
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periments having opposite signs of the paramétedn the  term contributes to the TDC&xcept forg,,=nw/2 with n
other hand, together with the “regular” interference param=0,1,2,3,4. In Fig. 3 the full curves correspond to the
eters, RE©*g'9}, this term causes retardation-induced photon beam directed alorig as in Fig. 1b); the dashed
asymmetries in the TDC®). There are two kinds of these Curves correspond to the photon beam directed alohg
asymmetries for the case of an ellipir circulay polariza- _:—k. In accord with the general analysis above, one sees that
tion with respect to{i) inversion of the photon beam, i.e., iN Panels(a),(b) (when the CD term does not contribute to

k ——k, and(ii) reflection of the electron pair with respect to the TDCS, the TDCSs represented by the full curves and
the photon polarization plane, i.e ,— (7— 6, ,), where 6, da§hed curves f:omude after reflection Wlth respect to the
and 6, are the polar angles of the photoelectrons in a refer@XiS ¢x=180° [i.e., ¢, — (27— ¢,,) or, equivalently, 6,

ence frame withz-axis alongk [see Fig. tb)]. To analyze — (7= 62)], while in panels(c),(d) (when the CD term con-

these asymmetries, it is useful to note that tributes to the TDCH no such symmetry irp,, exists(ex-
cept fore,,=nm/2). Note finally that the angular distribution
a(K,0y,0,,8) = o(=K,m= 0y, m= 0,,= &), (120 of the second electron is always shifted in the “forward”

direction(i.e., more electrons are ejected along the vektor
than in the opposite directipnin agreement with intuitive
assumptions on the role of retardation effects.

In summary, we have performed an accurate theoretical
analysis of photon polarization effects in PDI taking into
of linear polarization has been discussed in R&8J.) The account Iowest-_order retardation corrections and_ have out-
difference in(i) and(ii) for £ 0 : lined two experimental arrangements f(_)r measuring CD ef-

' fects in PDI of He for equal energy sharing. These effects do

(=K, 01, 0,8) — ok, m— 6y, 7 — 6p,8) = €AY, (13)  not exist in the EDA; they thus provide a polarization sensi-

tive measure of nondipole corrections to the transition am-

results from the invariance of the CD term in E§) with  plitudes. Our numerical estimates indicate that CD effects
respect to the substitutiok— —k. Thus, for an elliptic po-  are significant even for electron energies as low as 40 eV and
larization, the asymmetr§i) becomes equivalent @) only  may be observable with current state-of-the-art capabilities.
for geometries in which CD vanishes. Owing to the significance of retardation effects for such a

To observe the asymmetries of the TD(, a geometry compact system as He, they may be expected to be even
in which one electron is detected in the polarization plane isnore important in PDI of more extended objects, e.g., mol-
convenient, as in Fig.(b). In Fig. 3 we present the TDCS ecules or clusters.

(9) for the case of right circular polarizatiog=+1,(=0), This work was supported in part by the U.S. Department
two excess energie@0 and 239 ey, and two geometrical of Energy, Office of Science, Division of Chemical Sciences,
configurations, defined as follows. In FiggaBand 3b) the  Geosciences, and Biosciences, under Grant No. DE-FGO03-
second electron is detected in theplane, so that the CD 96ER14646, by RFBR Grant No. 04-02-16350, and joint
term in Egs.(9) and(10) disappears; in Figs.(8) and 3d), Grant No. VZ-010-0 of the CRDF and the RF Ministry of
the second electron is detected in fixplane, so that the CD  Education(N.L.M.), and by the DFG in SFB 276A.V.M.).

which is obvious from Eq(9). Therefore, for the case of
linear polarization (¢£=0) one obtains: o(-k, 6;, 6,,0)
=o(k, 7= 6,,7=6,,0), i.e., the transformationg) and (ii)
are equivalent: in both cases tl&-E2 terms in EQ.(9)
change their sign(This “degenerate” asymmetry for the case
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