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Holographies and EXAFS in quantum electrodynamics
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We calculate the cross section of the photoionization process consistently in the framework of quantum
electrodynamics, including the initial-state photon interaction and the final-state photoelectron interaction with
neighboring atoms. The obtained photoionization cross section explains multiple energy x-ray holography
(MEXH), photoelectron holography, and extended x-ray absorption fine stru&d#&FS). In EXAFS, the
contribution of the initial-state photon interaction is found to oscillate with energy and can disturb the EXAFS
signal. It becomes non-negligible at higher energies. At 1 keV above the absorption edge, it can be in
comparable order of the EXAFS signal. The hologram functions of MEXH and x-ray fluorescence holography
are consistent with those in classical electrodynani®8163-182609)02546-1

[. INTRODUCTION particle wave at a position of an atom inside the sample
changes according to the incident wave direction with re-
Studies of the atomic structure of materials using x raysspect to the sample. The change is caused by an interference
are of interest for a wide area of science. For crystallineof the unscattered incident wave and the wave coherently
materials, diffraction methods give well-established ways tcscattered by neighboring atoms, and can be interpreted as a
study the lattice structure based on the long range order. hologram. In order to observe the wave intensity at the po-
The extended x-ray absorption fine structyeEXAFS) sition of an atom, one measures, e.g., the fluorescence or the
method reveals the structure of neighboring atoms not only\uger electron yield from the atom, since they are propor-
for crystalline materials but also for materials which only tional to the local wave intensity assuming that the energy of
possess short range ordefhe EXAFS oscillations in the the incident wave is higher than the absorption edge of the
x-ray absorption coefficient extend in the energy regionatom.
30-1500 eV above the absorption edge. They are explained In this paper we use the following terminology. The in-
by the interference of an outgoing photoelectron wave andernal source holography with a fluorescence source is con-
the wave backscattered from neighboring atoms. An analysigentionally called x-ray fluorescence holograghyH), and
of EXAFS gives the radial distribution of neighboring atoms. the internal detector holography with incident x ray is re-
A direct x-ray optical image with atomic resolution has ferred to as multiple energy x-ray holograplilEXH).
not been possible for various reasons. Towards this goahote, however, that this can be misleading. In the internal
Szke has suggested to use Gabor's approach to realiz@urce holography with a fluorescence source, it is also pos-
atomic resolution holography with internal souréeSuch  sible to measure holograms at multiple energies by detecting
holographic method can offer a promising way for structuraldifferent fluorescence lines. On the other hand, in the internal
studies. In the internal source holography, sources of ele@etector holography with incident photon, one may not al-
trons or photons are inside a sample, and a detector is sitways vary the incident photon energy as in the case using the
ated at far distance. As internal sources, one can use, e.gdossbauer sourcE. Although there is a possible confusion
photoelectrons, diffusely scattered low energy electrchs, in the terminology, we follow a conventional use of XFH
Kikuchi electrons, Auger electron$, fluorescence photorfs, and MEXH. We also use the widely accepted term of pho-
or bremsstrahlung photofisA particle wave from the source toelectron holographyPEH) as the internal source hologra-
may directly reach the detector or may be coherently scatphy with a photoelectron source.
tered by neighboring atoms before reaching the detector. All the structure determination methods mentioned above
These two waves serve as the reference wave and the objédve as a common feature that they make use of the inter-
wave of holography, respectively, and form a holographicference of waves undergoing different paths. For example, in
interference in the far field. By moving the detector positionMEXH the interference of incident photons is used. And
with respect to the sample, one measures a hologram. lmoth PEH and EXAFS utilize the interference of photoelec-
order to obtain a three-dimensional atomic structure arountrons.
source atoms from a hologram, a numerical reconstruction is If one looks at the problem from a different point of view,
used>°10 the photoionization process is involved in MEXH, PEH, and
In Ref. 11 another holographic method was proposed, ifEXAFS. In the photoionization process, photons hit atoms,
which the positions of detector and source are interchangeand emit photoelectrons. In this process, both the initial-state
compared to the internal source holography. In the internaincident photon and the final-state photoelectron may interact
detector holography, photottsor electron¥” are injected on  with other atoms. In MEXH usually one takes into account
a sample from an external source, and atoms inside thghe initial-state photon interaction, and not the final-state
sample are used as detectors. The intensity of the incideriectron interaction. On the other hand, in PEH and EXAFS,
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P state results in nearly isotropic distribution of fluorescence
k, e 1@ photons and Auger electrons.
e 5 For a free isolated atom, the photoionization cross section
:; % depends on the incident photon enekgyand the outgoing

photoelectron directiop relative to the incident photon di-

FIG. 1. The photoionization process. The incident photon proJectionk and to the incident photon polarizatian In the
duces a pair of photoelectron and core-hole state. In this figure, timéase that target atoms are spatially ordered, such as atoms in
passes from left to right. The wavy line is the incident photon with crystalline solids, the cross section depends independently on

momentumk, energyw=|k|, and polarizatione. The straight line  the outgoing photoelectron directign on the incident pho-
with the forward arrow in time is the photoelectron with momentum,[On directionR, and on the incident photon polarizatian

p. The straight line with the backward arrow in time is the core-hole.l.he general form of the differential cross section of the

state. The circle with hatch represents all diagrams to be specified SN . .
below. photoionization process is thus given by

€y

N .. . . d0'p|(w,|2,€,6)
it is common to neglect the initial-state photon interaction. —_—
Natural questions are how big are the effects of the final-state €,
photoelectron interaction in MEXH and how big are the ef-pjare vectors with hats denote unit vectors with the same
fects of the initial-state photon interaction in PEH and EX-direCtion as vectors without hats el@zk/|k| w. k ande
AFS. From the first sight, it seems to be plausible that the LI o

electron-atom interaction is much stronger than the IOhotonf-ire energy, momentum, and polarization vector of the inci-

atom interaction, and one can neglect the latter in PEH angent photon, respectivelp.and(2, are momentum and solid

EXAFS. Then how much is the ratio of these contributions’?angle of the outgoing photoeleciron, respectively. All the

What does the latter contribution look like? Further ques-CrOSS sections of MEXH, PEH, and EXAFS are defined in
terms of the photoionization cross section.

tions remain. If the electron-atom interaction is so strong, In MEXH. one observes the total cross section of the
how can one get holograms in MEXH? In this paper, we try '

to answer these questions by calculating the cross section 8hotoionization process while changing directiorand en-
the photoionization process using quantum electrodynamicg'dy @ of the incident photon. By changing the incident pho-
(QED), and including both the initial-state photon interactionton direction k, the incident photon polarizatioe also
and the final-state photoelectron interaction with neighboringchanges. The cross section of MEXH is given by
atoms.

Concerning studies of these experimental methods in . dg’Pl(w’R,G,E))
quantum theories, the EXAFS cross section has been in- Urvusz(w.k,E):f4 dQp——g v
tensely calculated.As fO{Athe holographic methods, few i P
works were done in QEB:*Here we show explicit forms of \yhere 47 at the integration symbol denotes that integration
the cross sections of MEXH and PEH in QED. Using a simi-qyer solid angle runs over full 4.

lar calculation technique, we also show the transition prob- In PEH, the outgoing photoelectron directinis mea-

ability of XFH. . - . o e
sured for different incident photon energies Direction k
and polarizatione of the incident photon are fixed at some

Il. DEFINITION OF CROSS SECTIONS values, e.g.k=a and e= €, . Therefore we have

We define the cross sections of MEXH, PEH, and EX-
AFS, and make a general discussion before deriving explicit ope @,p) =
expressions of them. Throughout this paper, we use the natu-

ral unit,2=c=ey=1, wheref is the Plank constant divided h | . f th
by 27,c is the speed of light in vacuum, ang is the per- In EXAFS, one measures the total cross section of the

mittivity of free space photoionization process as a function of the incident photon

Let us first consider the photoionization process, which is£nergyw. Directionk and polarizatiore of the incident pho-
the underlying physical process in all MEXH, PEH, and EX- ton are fixed at some values, ek=a ande=¢,. Thus we
AFS. The photoionization process is schematically shown irobtain
Fig. 1. In the photoionization process, a pair of photoelectron
and core-hole state is created by the incident photon. The dop(w,k=2€=€,,p)
excited core-hole state subsequently deexcites through the UEXAFS(w):f dQ, o) .
fluorescence process or the Auger process. The photoioniza- am
tion process is measured by detecting photoelectrons, fluo- i )
rescence photons, Auger electrons, or loss of incident pho- BY comparing the cross sections shown above, one ob-
tons. The photoionization process can be considered as S§rVeS interesting relationships among them. From Ejs.
separate quantum process from its deexcitation process, sin@8d (4), we get
the contribution of the intermediate core-hole state domi-
nates in the probability amplitudes to find fluorescence pho- _ o
tons and Auger elect?/ons.pThe dominance of the coref)hole Texars @) LwdeGPEH(w’p)' ®

d(Tp|((0,|2: g\,fz fa,r.’\))
dQ '

3

p

4

p
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Equation(5) means that EXAFS measurements are nothing P

but the photoelectron angular integral of PEH measurements. k, e

This reflects the fact that in EXAFS one gets only an aver-

aged information about neighboring atoms. On the other X0

hand in PEH one can, in principle, get three-dimensional

information of neighboring atoms. In both PEH and EXAFS, : I o

the interference of final-state photoelectrons plays an essen- FIG. 2. Th.e l.ead'ng order contribution of the photouqnlzatlon

tial role pr(;(cess. The incident photon scatters an electron bound in the atom
Another relationship is obtained by comparing E@®. & %o

and(4): Since atoms are much heavier than electrons, we treat

L them as infinitely heavy objects without recoils. In this case,
0exars(@) = ovexn( @, k=a,e=€,). (6)  during the process, the total momentum does not conserve,
while the total energy does. It is reasonable to define the

Equation(6) implies that EXAFS measurements correspondtransition matrixTy; as follows”®:
to MEXH measurements at an arbitrary incident photon di-

rection k. Although in EXAFS experiments one does not Sti= ¢+ 2mi 6(Es— E) Ty , 7
measure the dependence of the cross section on the incident

hoton directiork, it also contains holographic information whereS;; is the S matrix. E; andE; are the total energy of
p o ! lograp . system in the final state and the initial state, respectively.
In MEXH, one is interested in the interference of incident

The differential cross section of the photoionization process
photons.

At this point, one should be careful. In order to justify that is defined in terms of the transition matrix

the directionalk dependence of the MEXH cross section is do

caused merely by the incident photon, one has to assume that dTPl =|Tul*(2m)YplE, ®

the initial state(before the incident photon reaches the atom

which emits the photoelectrpns separated from the final .

state(after the photoelectron is emittedut there is no good WhereE is the energy of photoelectrdg= \mg+|p|*~m,
reason for justifying this assumption. One should describet P*/2m andm, is the mass of electron.

the photoionization process in a single step picture. It is also In the following, we show calculations of the photoion-
clear from the experimental fact that the angle distribution ofization transition matrix in detail including the phase factors
the outgoing photoelectrop greatly depends on the direc- Which depend on positions of target atoms. Such phase fac-
tion of the incident photon polarizatioe. Regarding the tors are usually not considered in problems with a single

photoionization process as a single step process means tHaf9et atom, since it becomes 1 by squaring the transition

. oo L matrix. In the case of many target atoms sitting at different
_change_s in the mmdent photo_n dlrectlbrp_roc_Juce changes . positions, however, the phase factors play essential roles to
in the final state This results in another_ incident photon_ d';ﬁroduce the interference of waves.
rection dependence pf. the cross section. In conventional e calculate the transition matrix order by order in the
treatments of MEXH’. Iis implicidy assumgd that the initial erturbation series, but we neglect divergent contributions
state of the photoionization process is a single step proces

. : orresponding to, e.g., the self-interaction. These contribu-
and the final-state photoelectrons are disregarded. On t : : .
other hand, in EXAFS and PEH, it is usual to disregard thm?)ns should vanish after appropriate procedures of the renor

Cmalization.
effect of the photon interference in the initial state. By

changing the incident photon energy the interference pat-

tern of photons in the initial state also changes. In this paper, B. Leading order photoionization contribution
we ConSiStently take intO account bOth the initial'state inter' The Feynman diagram Of the |eading Order Contribution Of
action and the final-state interaction. the photoionization process is given by Fig. 2. matrix

is given by

I1l. CALCULATION OF CROSS SECTIONS
A. Cross section and transition matrix S&?)=iej d3rJ dt J™'(r,t)-(0JA(r,b)|k,€), (9

We calculate the photoionization cross section in QED.
We assume that the kinematical region is where the incidentheree is the electron charg¢0) is the vacuum state of the
photon energy is higher than the ionization energy of atomsphoton (the zero-photon stateand |k, €) is the one-photon
but smaller than the electron rest mass energy. We use thigate with momentunk and polarizatione. A(r,t) is the
assumption to justify the nonrelativistic treatment of elec-photon field operator in the interaction representation. Note
trons, the plane wave approximation of photoelectrons, anthat for the photon field operatdx(r,t), we took the three-
the dominance of the Thomson scattering in the photon-atordimensionally transverse gaugg(r,t) =0, which is a con-
interaction. Although this kinematical region is higher thanvenient gauge fixing condition for nonrelativistic probletnis.
what is of interest, it is good for the first approximation. In J7'(r,t) in Eq. (9) is the electromagnetic current in the inter-
fact, the essential mechanism of EXAFS is explained withimaction representation, and for nonrelativistic particles it is
this assumption. given by
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0= LU O (=X y
T am TR k, €
* Vi Xp
_wF(rrt)V¢|(r_X0!t)]! (10)
wherey(r,t) is the final-state photoelectron wave function, Xj

1 (r—Xp,t) is the initial-state bound electron wave function, , ) .

and X, is the position of the photoelectron emitter atom. FIG._3. The scattering of the photon in the initial state. The
Note that if more than one initial atomic states contribute top_hOton is scattered by an elegtron_of the atorXatIn QED, the
the process, one should add all contributions. virtual photon travels in both directions: from the atonXato the

- . . o . one atX, and from the atom aX, to the one a¥; . The circle with
comance LeOLOn e e 4 19) e 1 ettt conans all oo dcton iracion dgans. For e
. T o nonrelativistic electron, they are the uncrossed, the crossed and the
of the leading order photoionization contribution seagull diagrams. Among them, the Thomson scattering corre-
. sponds to the seagull diagram.
T L LJ BryE(re Vi (r—Xo)e'kr
fi mg \/m F ! 0 ’ C. Initial-state photon interaction
11 The Feynman diagrams of the next-to-leading order con-
o o o tributions of the photoionization process are given by Figs. 3
_ If the incident photon energy is higher than the ioniza- 54 4, where the initial-state photon and the final-state pho-
tion energy, the Born approximation is applicable. Thus Wealectron interact with atoms, respectively.
take the final-state photoelectron as plane wave: Let us first consider photon interactions in the initial state.
This contribution is composed of the photon-electron scatter-
ing and the leading order photoionization process. The cross

— ip-r
Ye(r) ( W)ae ' (12 section of the nonrelativistic photon-electron scattering is, in
general, given by the Kramers-Kronig relation. The
In this case, the transition matrix becomes Kramers-Kronig relation explains both the Rayleigh scatter-
ing and the Thomson scattering. In the case where the inci-
TO=C(w,p-k)e PR Xoe. p, (13)  dent photon energy is much higher than the ionization energy
of atoms, the Thomson scattering dominates. $heatrix of
with the Thomson scattering is given by
C<w,|6-f<)=iff d®soy (o)™ P7 %, (14) g(Thomson) —ie—zf d3rf dt(k’, € |A(r,t)- A(r,t) [k, €)
(27T)3 2w zme 1 ’ ’ ’
Here we changed integration variables fromo s, accordin
i > J X2 pir=X), (17)

tor=Xy+%. B=|p|/meis the velocity of the photoelectron.
As an example, we show an explicit expression of
C(w,p-k) in the case where the initial state is the hydrogen-wherek and e are momentum and polarization vector of the
like atom: incident photon, respectivelk’' and e’ are momentum and
polarization vector of the outgoing photon, respectively;
73\ 12 pE(r—X;) is the electron probability density of theh atom;
lﬂl(So):(—g) e Zlsl/a, (15  andX; is the position of théth atom. The sum oveirruns
mao over all atoms in system. After integration over tirheve

where Z is the atomic numbera, is the Bohr radiusa, have the Thomson scattering transition matrix

=1/mea, and « is the fine-structure constant=e?/4x

~1/137. As one careasily flndAmA textbooks on quantum T(Thomson_ __ e e ik —K])e 1K 0%
mechanicg? the coefficientC(w,p-k) in this case is given e 2 = i ’
b (2m)°w

y (18)

- A e 5/2 wherer . is the classical electron radiug;= a/m,. The form
Clw,p: k):4775/2w2( a) (1-Bp-k)2’ (16) factor f{ of the photon scattering by théh atom is given by

Here we have used the fact that the ionization enetgy, % P
=3(za)?m, is much smaller than the photon energy It k, e
should be noted tha€(w,p-k) is almost independent of
p-k, since the velocitys of photoelectron is small. In the
following we regard C(w,p-k) as angle independent g 4. The scattering of the photoelectron in the final state. The
Clw,p-k)—C(w). photoelectron is scattered by the Coulomb field of the atois; at
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In order to perform integrations in ER3), we make use
fr(lk’ —k|)=J pis)e (K WS, (19 of the fact that electrons are locally concentrated around the
atomic positions and interatomic distances are much larger

wheres is the position vector measured from the center ofthan the scale of atomt$. In other words, the atomic wave

thei th atomX;: s=r—X;. function ¢,(s) and the electron probability densipf(s)
The S matrix corresponding to Fig. 3 is given by have nonzero values only in the regit®|,|s|<1/k| and
the interatomic distanceX;—X,| is much larger than this
region of || and|s|. Here the vectors, and s are the
(l)_a 2 f d rlJ dtlj dsfzf dtJ5 (ry,ty) position vectors from the center of the zeroth atom and the
e

ith atom, respectivelyr;=Xy+<s andr;=X;+s. We also
X(O|T[Am(r1.t1),An(r2,t)]]0) assume that the wavelength of the incident photon is smaller
than the inter-atomic distan¢; — X,|. With the above con-

sideration in mind, we make the following approximation:
X(0lAn(r2.t2) [k & pfir2=X), (20) 9 app
1 . o
— iIKll&gilkl& - (s —s0)
where variables with the suffim (or n) denote themth (or Gunr([Kl.ra | &| € €
nth) component of vectors. L
For the following calculations, it is useful to define the X[ Smn= (&) m(&nl, (24)

photon propagatoG,,(w',r;—r») in the mixed frequency-

coordinate representation in terms of the time-ordered prooiNhere §=X—Xo. In Eq. (24), we used|(Xi+s)—(Xq

uct of the photon field operators +%)|~|&|+ & (s—%) in the phase factor anf(X;+s)
—(Xo+s)|=|&]| in other places; and we neglect higher or-
<0|T[Am<r1,tl>,An<r2,tz>J|0> der terms in 1k]|§|.

With the approximation in Eq24), integrations org and
_ e (ty—ty) , S in Eq. (23) separate, and we finally obtain the transition
=i —e L 2Gmy(@',r1=r2). (2D matrix corresponding to Fig. 3:
Note that in the photon propagator, which corresponds to the T$i1)= —C(w)e P70 Xor
virtual photon between an electron belonging to the atom at .
X; and one belonging to the atom 4§, we have taken into ol K&l gik-&
account photons traveling in both directiofisom the atom XZ (ep-e&p §') |&] e, (29
at X; to the one ak,, and from the atom aX; to the one at
X;) and with all possible momenta and polarizations. Hergvherel; is the momentum transfer at the Thomson scatter-
the virtual photon means the photon appearing in quantuming: |;=—|k|&—k. Note that we have excluded the teim
intermediate states. It is a pure quantum object and may O in the summation of Eq25). It corresponds to the self-
break the on-shell condition due to the uncertainty principlenteraction of atoms with photons, and is divergent. As we
of quantum theory: For theirtual photonw #|k|. mentioned before, divergent terms should vanish after appro-

In the three-dimensional transverse gauge, the photopriate procedures of the renormalization.

propagatoG,,,(w,r) in the mixed frequency coordinate rep-
resentation is given By’ D. Final-state photoelectron interaction

d3k eik‘r
Gon(w,r =—f
mrl .1 (2m)3 w?—|K|2+ie

The final-state photoelectron contribution, corresponding
kmkn> to Fig. 4, is composed of the Coulomb scattering and the

Smn~ w2 leading order photoionization process. The transition matrix
of the Coulomb scattering by tti¢h atom is given by

eia)r
A

i 1
5""”(”5_(0)02) s{couomdl= —je f d’r f dt ¢i(r=X) I (1), (26)

c oy 3i 3
MmMn +E (Q)r)z .

With the help of Eq(21), integrations ovet,;, t,, andw of

(22) wherep’ is the initial-state electron momentum apds the
final-state electron momentun;(r—X;) is the classical
Coulomb potential of théth atom

the S matrix Eq.(20) are carried out, and we have the tran- —e pi(s)
sition matrix T : $i(s)= 74— 3/ -, (27)
Q |s—s|
TM=— — E D f d3r f 43 Pmén andp,(s) is the charge density of thi¢h atom.Jgp’(r) is the
Me min=1 5 ! 2(277)31/2w zeroth component of the electron electromagnetic current. In

B e the nonrelativistic case, it is given by
Xe Py (ry—Xo) Gmn(| K|, 1 —12) €™ 2pf(r,— X;).

(23) I (N =45 (1) (1), (28)
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where . (r) and (r) are wave functions of electrons be- wherel is the ionization energy of the photoelectron emitter
fore and after the Coulomb scattering, respectively. atom. In order to perform integrations over andr,, we
In the Born approximation, the transition matrix of the make use of a similar approximation as E24):

Coulomb scattering is given by
gilpllri=ry| 1

— _3 fd3r¢(r_x)e oo W_}Eei\p\\ﬁ\ei\plﬁ-(s—%)_ (35)
(2m) With the approxi_mation Ec(_35), we integr{:\te over; andrg _
_ Z T(Coulomblg—i(p—p')-X; 29 L:alztﬂx(igl)rr :Sngofrllr:j?:]lg/ ?é:)tlgilg. tz:e expression of the transition
where T =C(w)e iP-0- XOE : ,|(|§q|.| ellpllélg=ip&
T§C°“'°mb)—(2 s f d*sigi(s)e”'PPIS. (30 | (36)

_ . . whereqi is the momentum transfer at the Coulomb scatter-
The scattering amplitud&’ of the electron-atom scatter- ng: g =p—|pl&. We have excluded the terin=0 in the

ing is defined in terms of the Coulomb scattering trans't'onsummatmn of Eq.(36), which corresponds to the self-
Coulomb 99,
amplitudeT{<°"°™), Eq. (30), as interaction of atoms with the electrons.

filp—p’|) = (2m)2mgT{CoHom?), (31)
E. Cross section of photoionization process

In the Mott-Bethe f la, iti lated to the f f
n the Mott-Bethe formula, itis related to the form facfds By summing Eqgs(13), (25), and(36), we obtain

Eq. (19), of the photon-atom scatterirt§®

Ti=C(w)e ' (P7H %o

o 2mea N
f(lal) = PE [Z—fi(aD], (32 o
€p-re (ep-e&p-&) Tz —elklalgic 4
whereZ; is the atomic number of thigh atom. The first term A&l
is the contribution of the nucleus and the second term is that te(lail)
of electrons. . N . . +2 E':§i _l eilplélg—ip-&| (37)
The calculation of the transition matrix of the final-state i#0 |

photoelectron interaction is done in a similar way as in Sec.
Il C. Details of calculations are also found in papers onWe again note thaf; is a vector from the atom af,, which
theoretical treatments of EXAFSFor completeness of our €Mits a photoelectron, to another atomXat & =X, —Xo.

discussion, we show the outline of calculations. Bmaatrix By substituting the expression of the photoionization tran-
corresponding to Fig. 4 is given by sition matrix Eq. (_37) into the defln_ltlon of the cross se_ctlo_n
Eqg. (8), we obtain the cross section of the photoionization
t .
s$i2>:e2f d3r1f dtlf dsrzf loltzf d3p’ process:
da’,:,(m,R,e,f)) 4 5 sy “ e B
XEi Bi(r—X;)IBP (ry,ty) Tp_(ZW) me/p||C(w)|*[(€-p)*— € px*(w,k)
e ~ e ~
XJp’I(I’Z,tz)~<O|A(I’2,t2)|k,€>. (33) te pX (w=p16)+X2(w!p1€)]1 (38)
After integrations ovet, andt,, we have the transition ma- Where
trix T{2): .
X i|K|&]aik- &
X(wk)=2r ReE(epe§p§> ellélgik-4,
TP=e2> fd3rlf d3r2j d3p’ g
i (39
1 fe
o (p rzmg—1+1e x(@,p.e)=2Re, € & |§|' elPléle=tP&, (40
X I8P (ry,t1)IP"!(r5,t5) - (O A(r2,t) [k, €) and
g2 gllpllrg=ral e ,
B drfdr ~ (|q|) | —ip &
(2m)* 20 T f YTl Xiwpe= 2 e |' elPléle=iesl . (41)

Y \a—ip e _ ik
X gi(r=X)e P —iV,- )i (ra—Xo)e™ ™, In Eg. (38), we have neglected terms which are small and

(34 irrelevant to the following discussions. The cross section Eq.
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(38) of the photoionization process is composed of the direct LD ‘
term (the first tern, the incident x-ray interferend&l) term x(,k)=2r,Re>, [1— (e §i)2]We'|k”§i|e'k'§i,
(the second terin the photoelectron holografiPEH) term 1#0 ! 44
(the third term, and the electron self-interferen®SI) term (44)
(the fourth term. and
)2
oo S LEE - ailniglce
IV. CROSS SECTION OF MEXH, PEH, AND EXAFS X (w,e)—i#o |p||§|2|m[e 1fi2lph]. (49
I
A. Cross section of PEH The MEXH cross section Eq43) has three contributions:

From the definition, Eq(3), the PEH cross section is the direct term(the first term, the MEXH term(the second
given by the photoionization cross section E@8) with  term), and the EXAFS ternfthe third term.
fixed incident photon direction and polarization. Let us esti- Let us estimate the relative size of each term in the cross
mate the relative size of each term in the cross section Ecsection. The approximate ratio is given by
(38). We show maximum contributiondhe case of almost

. . L _ Zr ZaZ
forward scattering in the' Thomson scattering and. the Cou direct term: MEXH term: EXAES termy 1: - _
lomb scatteringof one neighboring atom sitting at distance r o 2lplPra?
from the photoelectron emitter atom. The approximate ratio (46)

IS Although sizes of the direct term and the MEXH term do not

depend on energy, the size of the EXAFS term decreases
direct term: XI term:PEH term:ESI term with energy as|p| 3. For an energy of 5 keV above the
Zr, Za¥(r?) [Za¥(r?))? absorption edge, and for medium heavy atoms~at(a few
—— ( , (42) A), the EXAFS term is in the order of 10% of the x-ray

ro3rd 3rer hologram term. The EXAFS term is not considered to be

negligibly small.
where(r?) andZ are the mean square radius and the atomic The EXAFS term has a dependence on the incident pho-
number of the neighboring atom, respectively. In B@),  ton polarizatione through the factor ¢- £)2. In MEXH, one
we used the formul&f(0)=Za*(r?)/3r, which is obtained measures the MEXH cross section E43) while changing

from the Mott-Bethe formula Eq32). the incident photon directiok, and the dependence of the

For medium heavy atomsZ(is in the order of 1Datr . - . o .
~ (afew A), the direct term, the PEH term, and the ESI termCross section ork contains holographic information. By

are in comparable order. For the estimation of the PEH tern¢hanging the incident photon directién the polarizatione
and the ESI term, we referred to the tabulated values in Reff the incident photon also changes, since they are vertical to
[18] of the electron-atom scattering amplitudésat almost ~ each othere-k=0. For this reason, the EXAFS term pro-
forward direction. The XI term is much smaller by order duces anothek dependence through If we take the polar
10 % compared to the other terms. Thus one can neglect thgyordinate k= (sin 6 cos¢,sindsing,cosd), the EXAFS
effect of the initial-state photon interaction in the photoelecarm for a fixed energy behaves g+ A, sin ¢+ ay(6)]
tron holography. +A,siN2p+ay(6)], where Ay, A;, and A, are constants.
Since the PEH term and the ESI term are comparable 19, (g) and a,(§) are functions ofd, and their functional
the direct term, it is clear that the electron multiple scatteringgrms for a given sample depend on the choice of the inci-
with atoms is important in PEH measurements. The ESI teryent photon polarizatioe. If we take the polarization vector
contribution and the electron multiple-scattering contribution parallel to the6-rotation axis, thena; and «, become

are expected to greatly disturb th_e photoelectr(_)n hologramynstants without dependence 6nWith any choice of po-
(the PEH term Furthermore there is a problem in the PEH 5,440 vectore, contributions of the EXAFS term other

term itself because of anisotropic scattering amplitudegan constant are sinusoidal functionsdofwith periodicity

. )

f(ldl) of electron-atom scatteririg. one and two for given energy ardl It is easy to eliminate
them from the MEXH signal.

B. Cross section of MEXH The MEXH hologram function Eq44) is consistent with

_ the calculation in classical electrodynam?é$! The MEXH
In order to get the cross sections of MEXH and EXAFShoIogram function Eq.(44) may be interpreted as that

from the photoionization cross section E§8), we have 0 11omson scatterediirtual photons distribute ag1— (e

integrate it over the photoelectron directipn After the in- .k')?], wherek’ is the momentum of theirtual photon.
tegration, we have This distribution is equivalent to that of the Thomson scat-
teredreal photons
4
© _r 4 2 dO_(Thomson) ) .
omexr(@,K, €) 3 (2m) me|p||c(w)| , 90 :Z ri(f(a)'él(a ))2:r§[1_(6(a),k/)2]’

X[1=x(0,0) = x%w,e], (43 (47
where €% and € (®") are polarization vectors of photons
where before and after Thomson scattering, respectively,aadd
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FIG. 5. The leading order contribution of the fluorescence pro-
cess. The hole in a deeper bound state in the atoXy aecays to
the hole state in a shallower bound state by emitting the fluores- F|G. 6. The scattering of the fluorescence photon. The fluores-
cence photon. cence photon is scattered by an electron of the atoxa .ain QED,

the virtual photon travels in both directions. The circle with hatch
a' stand for two independent polarization states. Thus theepresents all photon-electron interaction diagrams as Fig. 3.
effect of the incident photon polarization in MEXH is

equivalent to the case where one regards the Thomson scat- dWep

tered virtual photon as theeal photon. The effect of the 7o) =2me?|T}|? (48)
incident photon polarization has been investigated in detail k

in Ref. 22.

wherew and (), are the energy and solid angle of the fluo-
_ rescence photon, respectively.
C. Cross section of EXAFS The leading order fluorescence contribution, correspond-
The EXAFS cross section is given by the MEXH crossing to Fig. 5, is given by
section Eq.(43) with fixed incident photon directiok and / (0) Cikex
polarizatione, as we have seen in E¢6). To the EXAFS Ty =€ D(w)e ™7, (49
cross section there are contributions not only of the direct
and the EXAFS term but also of the MEXH term. Both the Where
EXAFS term and the MEXH term oscillate with energy. If

the size of the MEXH term is not negligible, it is harmful to e . . .
EXAFS experiments. The ratio of each term in the cross DW)ZMJ d°spd" M (e, (50)

section is given by Eq46). As mentioned before, sizes of
the direct term and the MEXH term are constant in energy.

On the other hand, the size of the EXAFS term decrease@nd‘],Fl(SO) is the electromagnetic current of the fluores-

with energy agp| 3. We give ratios of the MEXH term to cence procesk and e are the momentum and polarization
the EXAES term fo.r an atom at~ (a few A). For energy vector of the fluorescence photon, respectively. is the
0.1 keV above the absorption edge, the ratio is in the order drosttion of the fluorescence atom.

1%; and for 1.0 keV above the absorption edge, it is in the The contribution of fluorescence photon interaction, cor-
ordér of 1. Thus the effect of the MEXH term is,not negli- responding to Fig. 6, is calculated in a similar way as in Sec.

gible for higher energies and can disturb the EXAFS signal.III C, andis given by

Note that these values of the ratio are for one neighboring &3 3
atom in spatially ordered samples. For samples such as pow- T W=-= > > f dsflf dr,

ders, the MEXH term becomes smaller after averaging over Me mn=1 "1
contributions of photoelectron emitter atoms in a sample.
For crystalline samples near a Bragg angle, the MEXH « €m p¥(r1— X))
term becomes extremely large, since a large number of scat- Jem32e' ! Lo
terer atoms contribute constructively in the summation over ,
in Eq. (44), and a strong x-ray standing wave field is formed X e NG (w,r1— 1) F (1= Xg).  (51)

inside a samplé%23:24

After making the same approximation to the photon propa-
gator G,,(w,r;—r,) as Eq.(24), we perform integrations

V. TRANSITION PROBABILITY OF XFH overr, andr, in Eqg. (51), and obtain the result

The transition probability of XFH is calculated in a simi-
lar way as the photoionization cross section. We take into T;M= —re kXY [eD(w)—€ && D(w)]
account the leading order fluorescence process Fig. 5 and the 1#0
fluorescence photon interaction with neighboring atoms Fig. )
6. In the interaction of the fluorescence photon with atoms, X —— " gilMlglgik- & (52
we assume the dominance of the Thomson scattering, al- &
though it is true that contributions other than the Thomson
scattering become more important in XFH as compared tavherel! =k—|k|  is the momentum transfer at the Thomson
the case in MEXH, since the fluorescence photon energy iscattering.
always lower than the incident photon energy. The transition By substituting contributions of the transition matrix, Eqgs.
probability of XFH wygy is connected with the transition (49) and (52), to the definition of the transition probability
matrix T¢; as follows: Eq. (48), we have
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C VI. SUMMARY
dwyen(k, €)

dQ,

=27w?|[e D(w)]?—2r,

We have studied MEXH, PEH, and EXAFS consistently
in QED. We have argued that in order to explain these three
. 2_ 2. experimental methods from their underlying photoionization
xRe:i% {[e-D(w))"~ € D(w)e: §4-D(w)} process, one should take into account both the initial-state
photon interaction and the final-state photoelectron interac-
_ (53) tion with neighboring atoms.
We have defined the cross sections of MEXH, PEH, and

We assume that the fluorescence emitter atoms in the sam AFS_ 'T‘_te”‘f‘s of the photoionization cross section. _Fror_n
e definition, it was found that the EXAFS cross section is

do not have a preferred orientation as an ensemble averagI .

With this assumption, we average the transition probability>6€"n @s the angular integral of the PEH cross section; or it is

Eq. (53) over direction ofD(w). We also sum the transition SE€N as the MEXH cross section with fixed incident photon
probability Eq.(53) over the polarizatiore of the outgoing Qire.ction and poIa.rizaFion. We_have .calculated th_e pr_]otoion-
photon, since in XFH one does not observe the polarizatiof¢ation cross section in QED including the contributions of

of the fluorescence photon. After these operations, we get tH&€ leading order photoionization process, the initial-state
result of the transition probability of XFH: photon interaction, and the final-state photoelectron interac-

tion. From the photoionization cross section, we have de-
dwyey(K) A7 w?|D(w)|? o rived the cross sections of MEXH, PEH, and EXAFS. In all
dQ, - 3 [1=x"(@,k)], (34 these cross sections, there are contributions both of the
initial-state interaction and of the final-state interaction. In

FEAD
X =z

ailkl|&lg=ik &

where PEH, the contribution of the initial-state photon interaction
(1] was found to be negligibly small typically by factor 16
X'X(w,IZ)=reReE [1+(I2-é)z]ﬁeilkllﬁle—ikﬁ_ compared to the PEI_—| signal. T_he electron self-int_erference
1#0 i and the electron multiple scattering are found to be important

(55 in PEH. In MEXH, it was found that the contribution of the

The obtained hologram functiop’*(w,k), Eq. (55), is con-  final-state photoelectron interaction is not negligible com-

sistent with the calculation in classical electrodynanifcs. Pared to the MEXH signal. The contribution of the final-state

The factor[l+(f<-§-)2] in Eq. (55) is identical with what is photoelectron interaction, however, has a simple functional
| .

expected from the Thomson scattering of tkal photon: form, and it is easy to eliminate from experimental data. In
EXAFS, it was found that the contribution of the initial-state

1 1 2 () (a2 photon interference oscillates with energy together with the

2~ T da 2 E, re(e® €’ EXAFS signal. The contribution of the initial-state photon
o o interaction is non-negligible at higher energies, and at 1 keV
ré S above the absorption edge it can be in the same order of the

=5 [1+(k-k)7]. (56 EXAFS signal.

In order to make a comparison with the MEXH cross

Finally we point out that, unlike the statement in Ref. 8, section, we have calculated the XFH transition probability.

exactly the same types of Feynman diagrams contribute ihe obtained hologram functions of MEXH and XFH are

both MEXH and XFH, as long as x rays are injected andfound to be consistent with the calculations in classical elec-
fluorescence x rays are measured. The Feynman rule saygdynamics.

that one should considel the possible topologically dis-

tinct diagramsup to a desired order for given initial and final

states. It is not possible to judge from which Feynman dia- ACKNOWLEDGMENTS
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