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Large nondipole correlation effects near atomic photoionization thresholds
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The parameter that determines the nondipole correction to the angular distribution is calculated $or Ar 1
and 3 subshells in the Hartree-Fo¢kF) approximation and taking account of the multielectron correlations,
using the random-phase approximation with exchange. In the photoelectron energy range 0-100 eV the
parameter, which fols subshells is nonzero at threshold, is found for Az ® be strongly affected by
multielectron correlations. Results are also presented for He and Be in the HF approximation.
[S1050-294{@9)50804-4

PACS numbses): 31.25-v, 32.80.Dz, 32.80.Fb

The motivation for this Rapid Communication is to care- generalized to any hydrogenic leyél|. To investigate atoms
fully investigate the behavior of the nondipole photoelectronother than hydrogen, a more general expression for
anisotropy parametet in the vicinity of photoionization do,(w)/dQ} is required, viz.,
thresholds of such outer subshells as tBér8Ar. The use of
correlated wave functions is fundamental to the proper study dog(®) o (o)
and understanding of the photoionization process in thisen- dQ =~ 4«
ergy region, which is generally characterized by a richer
structure. For this reason, multielectron correlations were in- o)
cluded in our calculation of Ar 4 and 3 subshells via the + <z Lym(@)P1(C0SO) + 7 () P3(cosh) ] |.
random-phase approximation with excha§®AE), while
Hartree-Fock(HF) wave functions proved adequate for the 2
study of the simpler systems such as He and Be. . .

Our investigation and presentation of the results for He, '_I'he leading terms n Ed2) were _suggested by Yarig],

Be, and Ars subshells are also very timelgnd are further while the terms containing/c were mtroduc.e.d latdr7]. To
justified) in view of the the recent measurement of nondipolec@/culate thew dependence 0B, y and explicit expressions
photoelectron angular distributions of As1Kr 2s, and Kr are required for th_ese coefficients via atom|g ma@rlx ele-
2p [1]. The experiment compared data with those from thehents. An EXpression f(.)ﬁ“'(w) has_ be_en derived In the
most recent calculatior®,3], and stressed the need for care- qne-electron app(OX|mat|dr8] _an_d taking |n_t0_ account T““"

ful studies of ‘... less straightforward situations, for ex- tielectron correlat|on$9,1_0]. S.lmllarly, explicit expressions
ample the nondipolar asymmetries in the threshold region ilrlor vandy hqve been given in the one-electron approxima-
the region of resonances and of Cooper minima, which re tion [2,3], takmg the multielectron correlat_lons into account
resent interesting subjects for future experimental and theJ—g’lo]' N!J”?ef'ca' results have been o_btam_ed for the _noble
retical investigations.” Therefore, the HF results for He and9ases within thg o.ne-electron approximatidh3). In this :
Be near threshold also constitute the necessary data acqui§f@Pid Communication, we concentrate on the energy regime
tion and analysis required for the interpretation of the photo—nea.r .thresholds..Ong—electron HF wave functions are u;ed as
ionization process. an initial approximation and then multielectron correlations

Sommerfeld derived the photoelectron angular distriby2r€ taken into account.

tion with the lowest relativistic correction, which includes " general, the expressions far, (w) and 7, (o) are

retardatior{4]. For 1s electrons ionized by unpolarized light rather complicated]. But, to illustrate some qualitatiye fea-
the photoelectron angular distribution is given by tures of thew dependence of the nondipole corrections, we

concentrate oms subshells for which the general expressions
[9] simplify considerably, yielding in the one-electron ap-
proximation

1+ Bhi(w)P,(cosh)

dog(w) 3
do = gals(w)

v -
1+4- cos&) sir? 6, )

6 q;
Yns(@)= gd_lcoqdd_ép)i (3
whereo(w) is the photon absorption cross sectianthe
photon frequency, and the angle between the directions of with y,{(w)=— 7,{w). Hereq, andd, are the quadrupole
the light and the photoelectron, withandv being the cor- and dipole radial matrix elements, respectively, between the
responding speeds, respectively. Recently, @ghas been one-electron initial states and the continuous spectrueh
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FIG. 1. Nondipole asymmetry parametgfor the 1s photoion- FIG. 2. Nondipole asymmetry parametgifor photoionization
ization of H and He as a function of photoelectron energy. Resultgut of the s and 2 subshells of Be as a function of photoelectron
for He were obtained in the HF approximation. energy, calculated within the HF approximation.

(I=2, or 1, wheree is the photoelectron energyy and 5,

are thed and p elastic scattering phases, respectively, with ™ . 2v
energye. Near threshold the ratig,/d; can be estimated as S~ 5325_ arcsw{ 72+ 402
g,/di~a,s (ans is the ionizing shell radiys so that at

threshold

. (7)

The presence of any short-range force along with the Cou-
w w0 lomb one can destroy this balance, leading to much larger
— Ynsl @)~ T ans=Kaps, (4) c . .
c c values ofy, s thanyj, close to threshold. To check this point,
herek is the ph , ” we performed calculations for He and Be using one-electron
w tere h'S" tthe pho}gn mome:““'”.” cor]t3|steﬂtﬁvx[ ]'_ I;or HF wave functions. The field acting upon the outgoing pho-
outer-shell thresholdgusing atomic units (e=A=m=1), toelectron in He is very close to the pure Coulombic one.

©~1 and y,;~1/137. The simplest possible One_eleCtronThereforeyTg is positive. But even this small additional field

Coulomb approximation gives a much smaller value. Indeed, . )
for the hydfggenlike casg one obtains altered the near-threshold value gJ¢ considerably leading

to a nonzero value at threshold. Figure 1 compares the results

© 2725407 for H and He. For Be, the coefficientge and y7¢ as func-
_iz 2—;} (5  tions of e behave differently. Starting from a negative value
di  Z°Fv at threshold,y5s increases monotonically, whilg5 is a

rather complicated sign-changing functiee Fig. 2. In He
the y parameter is a monotonical function ef However,
this behavior, as in the case of Be, does not follow directly
2v (5b) from Eq. (3) for any atom and ang subshell. Indeed, calcu-
JZ%+ 4p2° lations have already reveald@,3], in accord with recent
experimen{11], that y and » are nonmonotonical functions
whereZ is the nuclear charge. From E¢S) and(2) we have  of w and can even change sign, but at considerably higher
energies than in Fig. 2.
. 12v In order to investigate the combined effects of a non-
k?’ls:ggy (8 coulombic central field and multielectron correlations, we
consider the 8 and the 5 subshells in Ar. To account for
in accord with Eq(1), when expressed in terms of Legendre electron correlations, Eq3) must be generalizef®]. The
polynomials, as in Eq(2). nondipole parameter is described by an expression similar to
Thus, consistent with the results [#] the smallness of that in Eq.(3), but with the matrix elementg, andd; re-
ki results from a very delicate balance between the phoplaced by complex one€), andD, which include the ef-
toelectronp andd phases in the Coulomb field, fects of electron correlations

and

cos 85— 55)=

6 (Q2D1+Q3D7)cog dq— &p) +(QzD1—Q3D1)sin( 53— 5p)

')/ns(w)zg D:,|_2+DI£2 (8)
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FIG. 3. Nondipole asymmetry parametgifor photoionization
out of the 3 subshell of Ar as a function of photoelectron energy,

calculated in the HF approximation and the RPAE.

FIG. 4. Nondipole asymmetry parameter as a function of
photoelectron energy, for photoionization out of theslubshell of
Ar. The calculation was performed within the RPAE—), labeled

, , b ) ) Ar(1s), and taking into account the rearrangemént— —), la-
whereQ, (D;) andQ; (D7) are the real and imaginary parts pejed Ar(1s*)

of the quadrupolgdipole) radial matrix elements, respec-
tively. If Q andD are real, Eq(8) reduces to Eq(3). To B e -1 B . B

calculateQ and D, we have selected the RPAHE?2]. The (0=€1)=10) "=Po=ep)timdo=eyp), (1)
RPAE has been successful in calculating the dipole photo-
ionization cross sections and the angular anisotropy param-

eters in outer and intermediate subshells of numerous atom@’.he.re 3 denote_s the principal value of the integration. Nu-
The ys(w) in Ar was obtained in the RPAE framework merical calculations have been performed for tees@bshell
[12] S in Ar, which is under the very strong action of the 8irtual

The procedure of solving the RPAE equations for the di_excitatiqns [12]. Our results are given in Fig. 3, vyhere
pole channel is discussed in the recent bEt®, and for the ~ <Y3s(€) iS seen to be represented by a nonmonotonic sign-

guadrupole matrix elements is similar to that for the dipoIeC,hanglng function even in the HF one-electron approxima-

one. Symbolically, they can be expressed as tion. The y35 parameter is not only nonzero at threshold but
’ is also very large, at least 20 times larger than the expected

Ao A order ofka~1/137. The electron correlations in the RPAE,

D=d+U.x:D, (%a mainly the effects of P electrons, altery;; dramatically;

A R they change its sign near threshold and add an extra zero and

Q=q+U,x.Q, (9b) an extra maximum. The large value kfys; at threshold
results mainly fromD4 being small andQ, being large for

; Lo S dd, are 2.37 and 0.12, respectively.
operators in the one-electron approximation, dhd (U,) Gz andcy : T )
are the dipolgquadrupole components of a combination of ' N€ firSt zero inysy(e) at e=1.5 eV is located where

the direct and exchange Coulomb interelectron interactiorcOS@— 1) goes through zero. At this same energQy is

The operatorf)(@) anda((q) describe the elimination of an close to zero as well. Th_e last zero is due to the sign variation
: ) . of the quadrupole matrix element at=18 eV. Again, the

electron off the atom, i.e., creation of an electron-hole pa'rima inary part of the quadrupole ter@ at this energy is

The operatorsy,(x,) describe the propagation of the ini- gihary p q b ay

tially created(or any other connected to it by the Coulomb almost zero. The large maximum and sign variatiorygfat

" ! i o ; S
interelectron interactionelectron-hole pair. Again, symboli- €~ 10€V is due to the sign variation 0f; , while Dy is very
cally, ¥1(i») can be expressed as close to zerd12]. Thus, it is clear thatyss(€) under the
’ action of RPAE electron correlations becomes a complicated

A A function of e.

1 ___ 1 _ (10) Consider now the 4 subshell of Ar. It is known that the
—€12)— 10 wteyy RPAE correlations for the inner shells of intermediate and

heavy atoms are rather unimportafit2]. However, the

Here €;(,)>0 is the energy of an intermediate electron-holephotoionization cross section, at least close to threshold, is
state excited through a dipolguadrupol¢ over which the far from being hydrogenic; it is strongly affected by the non-
summation for discrete states and integration for continuunCoulomb nature of the field acting upon the photoelectron
states are performed. The imaginary parts oflthend theQ  and by dynamical rearrangement effddt&]. The latter are a
matrix elements come from the fact that the energy denomieonsequence of the comparatively fast inner vacancy decay
nator of the first term in Eq(10) can approach zero. The in outer and intermediate shells and the formation of satel-
behavior near this singularity is defined by introducing thelites with high probability. These effects also alter the field
infinitesimal imaginary term §. The first term in Eq(10) acting upon the photoelectron. The calculationsygf( €)
can be expressed as were performed in the RPAE, HF approximation, and taking

5(1(2):w
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account of rearrangemefit2]. As in the case of the photo- ing to its rich structure. Although the recent experimgkit
ionization cross section, the difference between the RPAEgrees very well with the theoretical calculatid2s3] on y

and HF approximation is insignificant for thes subshell.  for Ar 1s and Kr 2s beyond 30 eV, between threshold and
Our results fory,s(e) are given in Fig. 4. Clearly, in the 30 eV, the experiment does not appear to reveal the mini-
Hartree-Fock approximatiory,s(e€) is nonhydrogenic, has @ mum in y,4 predicted by our calculation. Consequently, fur-
different sign, and has a nonzero value at threshold. Ougher theoretical and experimental investigations are recom-

calculations show that,(e) changes its sign at abowt  mended for elucidation, particularly very close to threshold.
~220 eV and, starting from almost 30 eV, coincides with the

results of Ref[3]. The work was supported by the NSF, the U.S. DOE, Di-
In conclusion, our investigation finds that multielectron vision of Chemical Sciences, Office of Basic Energy Sci-
correlations are significant for for the Ar 3s subshell, lead- ences, Office of Energy Research, and the AFOSR.
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