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Inner-shell photoionization at relativistic energies
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At relativistic energies the cross section for the atomic photoelectric effect drops off as does the cross section
for liberating any bound electron through Compton scattering. However, when the photon energy exceeds
twice the rest mass of the electron, ionization may proceed via electron-positron pair creation. The cross
section for this channel saturates at several times the threshold energy, and hence the most probable way of
photoionizing an atom at high energy is to make the vacuum spark. We present estimates for the cross section
of this ‘‘vacuum-assisted photoionization’’ which proceeds either via direct pair creation on the bound electron
or via pair creation on the atomic nucleus binding the inner-shell electron followed by an electron-electron or
positron-electron encounter.@S1050-2947~99!05204-X#

PACS number~s!: 32.80.Fb
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I. INTRODUCTION

Inner-shell photoionization of an atom or an ion is one
the most basic processes in atomic collisions. With sev
very high-energy and high-intensity synchrotron x-r
sources existing or being built around the world, the phys
of inner-shell photoionization has undergone a significant
birth. Ionization may proceed through the photoelectric
fect or Compton scattering. At MeV photon energies a
beyond, the cross sections associated with both proce
decrease with increasing photon energy\v essentially as
1/(\v), making them very small in the highly relativisti
energy regime@1–4#.

In the relativistic regime an atom can be described a
many-body system containingZ electrons occupying discret
bound states,Z being the atomic charge number and, in t
Dirac picture of hole theory, an infinite number of electro
occupying the negative-energy continuum. Atomic tran
tions with an energy scale of MeV and higher will bring in
play the negative-energy continuum, allowing a new class
atomic collision processes to take place. For example,
such process is capture from electron-positron pair prod
tion in relativistic heavy ion collisions, a process that h
been extensively studied over the last decade@5–9#. The in-
teresting aspect of this process is that at relativistic ener
a high-Z bare ion that impinges on an atom will prefere
tially pick up an electron from the vacuum instead of capt
ing an already existing bound electron of the target. T
underlines the very important role that the QED vacu
plays in atomic collision processes at such high energies
in very strong fields.

The aim of this paper is to study photoionization at Me
energies and beyond, and to investigate the effects of co
lations between the bound electron that is removed by
process and the Dirac sea. Indeed, when the photon en
exceeds twice the rest mass of the electron the nega
energy continuum will play an additional important rol
photoionization of, say, theK shell can now proceed throug
a new channel in which the excess energy is taken by on
the negative-energy electrons. The final result is the crea
of the K vacancy along with an electron-positron pair. O
PRA 591050-2947/99/59~5!/3527~11!/$15.00
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present study shows that at highly relativistic energies
cross section of this new photoionization process beco
larger than the cross section of photoionization throu
Compton scattering or photoelectric effect. It is remarka
that we find here a feature similar to that in electron capt
discussed above; that is, at high relativistic energies, ph
ionization of an atom or ion will proceed preferential
through ‘‘sparking’’ of the QED vacuum. We will call this
new photoionization processvacuum-assisted photoioniza
tion.

The removal of the inner-shell electron through vacuu
assisted photoionization will result in the creation of tw
vacancies, one in the inner shell and the other in
negative-energy sea. This means that from a theoretical p
of view this photoionization process can also be viewed a
double ionization by a single photon. Thus, one should
pect many similarities in its theoretical treatment with t
well-known photo double ionization of two bound electron
An extensive literature discussing this latter process can
found. And because it is the simplest many-electron syst
photo double ionization of helium has been the subject o
considerable number of theoretical and experimental stu
over the last three decades@10–14#. Many tools that probe
the electron-electron correlation for the various mechanis
that contribute to photo double ionization have been succ
fully developed, see McGuireet al. @10#, and references
therein.

Extending similarly detailed studies to vacuum-assis
photoionization will lead the research into the unique po
tion of probing the fundamental dynamics and correlation
a bound electron and an electron from the negative-ene
continuum. However, compared to photo double ionizati
the situation is made somewhat more complicated by
presence of an extra lepton, the positron. The positron
flects the creation of a vacancy in the Dirac sea and
vacancy can interact after collision with the inner-shell ele
tron. There is also an extra difficulty associated with t
simplified description of the true QED vacuum in Dirac
hole theoretic picture since a rigorous theoretical treatm
requires the solution of the relativistic many-particle proble
in QED @15#. Finally, similar to the treatment of phot
3527 ©1999 The American Physical Society
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3528 PRA 59IONESCU, SO”RENSEN, AND BELKACEM
double ionization of bound electrons, several different ch
nels may contribute coherently, making a full treatment
the many-electron problem~using the quantum equations o
motion and second quantization! quite difficult.

Our goal in this paper is to gain some insight into t
physics that comes into play by limiting the scope of o
work to very simple approximations that make the calcu
tions tractable. We estimate the total cross section
vacuum-assisted photoionization and compare it to the c
sections of photoionization through Compton scattering
photoelectric effect. The photon energies of interest here
MeV and higher, that is, energies above the threshold
electron-positron production. Furthermore, since our goa
to study pair creation and ionization, we avoid complicatio
associated with the initial interaction of bound electrons
atoms by considering a hydrogenlike ion.

We shall present different mechanisms by which vacuu
assisted photoionization can take place, but will examine
more detail only two fundamentally different mechanisms:
the first, the photon converts into an electron-positron pai
the field of the nucleus and, subsequently, the bound elec
is ionized through an electron-electron or a positron-elect
encounter. In the second mechanism, an electron-pos
pair is produced in the field of the bound electron which
the process takes enough recoil to be freed from the atom
ion. The contributions of these two mechanisms to the to
cross section are shown to be comparable in magnitu
However, the dependence of their respective cross sec
on the atomic charge number of the target or on the quan
numbers of the initial inner shell is drastically different.

The paper is organized as follows. In Sec. II we brie
review photoionization through Compton scattering and
photoelectric effect. Section III is dedicated to calculatio
on and discussions of vacuum-assisted photoionization
Sec. IV we present and discuss the results of these calc
tions and compare the cross sections of the various photo
ization processes at relativistic energies.

II. PHOTOELECTRIC EFFECT
AND COMPTON SCATTERING

In this section we shall give a brief discussion of t
well-known inner-shell vacancy production mechanism
photoelectric effect and Compton scattering. The discuss
serves as a background for the discussion of vacuum-ass
photoionization in the following sections. We shall quote t
basic cross-section formulas, which display the explicit
pendence on target charge numberZ and photon energy\v.
These formulas will be used in Sec. IV for comparison w
the vacuum-assisted process. All cross sections to be li
are per electron rather than per atom.

Consider first the photoelectric effect. A useful formu
for the cross section forK-vacancy production has been pr
vided by Stobbe, cf.@16,17#. Stobbe applied the dipole ap
proximation ignoring also retardation effects and perform
a calculation based on exact nonrelativistic wave functi
for a hydrogenlike ion. The cross section so obtained rea

sStobbe52A2Z5a4sTS mc2

\v D 7/2

3F2pS E1s

\v D 1/2exp~24j cot21j!

12exp~22pj! G . ~1!
-
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Herea5e2/\c is the fine structure constant,

sT5
8

3
pr 0

2 ~2!

is the Thomson cross section, andr 05e2/mc2 denotes the
classical electron radius. The parameterj and the nonrelativ-
istic binding energyE1s are given as

j25
E1s

\v2E1s
, E1s5

1

2
~aZ!2mc2. ~3!

It may be noted that the factor in front of the square brack
in Eq. ~1! is the nonrelativistic perturbative result. At th
absorption edge\v5E1s , the correction for nonperturbativ
effects, that is, the factor in square brackets in Eq.~1!, as-
sumes the value 2p exp(24).0.12.

An expression forK-vacancy production valid for low-Z
materials when the photon energy is raised into the rela
istic regime,\v*mc2, has been obtained by Sauter by a
plication of the Born approximation, cf.@16#. The expres-
sion, which is valid far from the absorption edge, reads

sK
Born5

3

4
Z5a4sTS mc2

\v D 5

~g1
221!3/2H 4

3
1

g1~g122!

g111

3F12
1

2g1Ag1
221

lnS g11Ag1
221

g12Ag1
221

D G J . ~4!

The quantityg1[\v/mc211 is the Lorentz factor for the
emitted electron when binding effects are disregarded. It m
be noted that forg1→1 Eq.~4! reduces to the nonrelativisti
perturbation result, that is, to the front factor in Eq.~1!. The
high-energy limit of Eq.~4! is given by

sSauter5
3

4
Z5a4sT

1

g0
, g0[

\v

mc2
~5!

and for brevity we shall call this the Sauter cross section.
corrections accounting for the nonperturbative nature of
interaction for highZ and \v*mc2 we may refer to@17#,
see also@18,19#. The nonperturbative correction factor t
multiply the Sauter cross section~5! in the high-energy limit
assumes the values 0.97, 0.80, 0.52, 0.29, 0.22, and 0.2
Z of 1, 8, 26, 55, 82, and 92, respectively, cf.@18#.

Consider next Compton scattering. The cross section
scattering a photon of energy\v5g0mc2 on a free electron
at rest is given as

sC5
3

4
sTS 11g0

g0
3 F2g0~11g0!

112g0
2 ln~112g0!G

1
1

2g0
ln~112g0!2

113g0

~112g0!2D , ~6!

cf. @16#. The nonrelativistic limit of the expression~6! is
simply the Thomson cross sectionsT quoted in Eq.~2!. At
high energies the Compton cross section reads
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sC5
3

8
sT

1

g0
S ln~2g0!1

1

2D , \v@mc2 ~7!

that is, a slightly slower falloff with increasing photon e
ergy is encountered than for the photoelectric effect, co
pared to Eq.~5!. Binding and motion of atomic electron
cause the cross section to drop belowsT when the photon
energy is decreased to the region of energies character
the atomic motion, see, for instance, Hubbellet al. @20#, but
such energies are not of concern here.

III. VACUUM-ASSISTED PHOTOIONIZATION

At sufficiently high photon energies ionization of a
inner-shell electron may be catalyzed by the creation of
electron-positron pair. IfEB denotes the binding energy o
the inner-shell electron, this process occurs with a thresh
frequencyv thr of

\v thr52mc21EB . ~8!

The inner-shell electron may be freed by electron-elect
~positron-electron! interaction or by photon-electron intera
tion. In the first case we may think of pair creation in t
field of the atomic nucleus followed by knock out of th
inner-shell electron by one of the outgoing particles of
produced electron-positron pair. In the second case, we
think of, for instance, Compton scattering on the inner-sh
electron~freeing it! followed by pair creation on the outgo
ing photon branch. The nucleus is not needed to propel
action. Or, still in the second case, we may think of p
creation directly on the inner-shell electron giving it a rec
sufficiently large that it leaves the scene. Also in this ca
the presence of the nucleus is not required in order to m
ate the transition.

A. Pair creation with e6-e2 encounter

Consider electron-positron pair creation in the field of
atomic nucleus of chargeZe. The outgoing electron or pos
itron collides with an inner-shell electron and transfers
energy to it which is larger than its binding energyEB . De-
termination of the corresponding cross section according
the standard rules of quantum electrodynamics requires q
extensive calculations. We do not attempt such calculati
here. Instead we shall make a simple semiclassical m
which allows for estimates of cross sections.

In our model, the electron and the positron are crea
with equal probability anywhere inside a sphere of rad
equal to the reduced Compton wavelength|C5\/(mc)
.386 fm of the electron centered at the nucleus@21#. No
correlation between the points where the electron and
positron first appear is assumed and also any interaction
tween the two is neglected. Hence the probabilities
knocking out a bound electron will be computed indepe
dently and added. From the point of first appearance e
member of the pair is assumed to leave the scene o
straight path and we ignore the change in kinetic ene
which classical mechanics would dictate due to motion in
background potential of the nucleus. For each of them,
probability for knocking out a bound electron is defined
the local electron density along the path~as defined by the
-
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quantum state of the target atom! and the cross section fo
transferring an energy larger than the binding energyEB .
Since relatively large energy transfers are of interest,
shall simply apply the cross section for collisions betwe
free particles, that is, the Rutherford cross section~the finer
details accounted for in the Mo” ller and the Bhabha cros
sections are neglected!. The annihilation channel open to th
positron when it encounters a target electron is discus
separately in Sec. III C.

With the above model it is obvious that the cross sect
for the process in question is related to the cross sectionsPP
for pair production in the field of the nucleus by the simp
relation

s15sPP3P, P5P11P2 . ~9!

The quantitiesP6 signify the knock-out probabilities for the
electron and the positron. For the pair production cross s
tion we may apply the Bethe-Heitler result, which pertains
the Born approximation, cf.@16#. It may be written as

sBH5Z2ar 0
2 28

9
L. ~10!

The logarithmic factorL assumes at high energies the val

L\v@mc25H ln~183Z21/3!21/42, Thomas-Fermi atom

ln~2g0!2109/42, bare nucleus,
~11!

where, as noted, the upper expression is obtained fo
nucleus whose field at large distances is screened out du
the presence of atomic electrons. Screening is importan
very high energies; for lead, the two expressions in Eq.~11!
are equal atg0[\v/mc25275, or 141 MeV. Near the
threshold for pair production (\v52mc2) the behavior ofL
is roughly L}(122mc2/\v)3, cf. @22#. From thresholdL
increases smoothly over roughly two orders of magnitude
photon energy to the screened value in Eq.~11!. The result
for a bare nucleus listed in Eq.~11! applies approximately
over most of the increase. Close to threshold the Born
proximation actually fails, and production becomes som
what more probable than this approximation predicts, at
energy of 3mc2 by a factor of 2 for a lead target, cf.@16#. At
the same time the distribution over kinetic energy, which
identical for the electron and the positron in the Born a
proximation, becomes asymmetric due to attraction, resp
tively, repulsion by the nucleus.

The probability for knocking out the bound electron b
for instance, the positron is given within our model as

P15K E
EB

E1
kin

dT
ds

dTEz0

`

dznBL . ~12!

The averagê & is an average over positron energies, point
creation, and emission direction (E1

kin denotes the positron
kinetic energy!. Thez axis is defined by the direction of th
outgoing positron,z0 denotes thez value of its first appear-
ance, andnB denotes the density of the bound target elect
in its initial state. The differential cross section for transfe
ring an energyT to the target electron is
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ds

dT
52pr 0

2 1

b1
2

mc2

T2
, ~13!

where the initial electron motion is neglected and the qu
tity b1 represents the velocity of the positron in units ofc.

The probability~12! factors as

P15E
EB

\v22mc2

dE1
kinf ~E1

kin!E
EB

E1
kin

dT
ds

dTK Ez0

`

dznBL
[S1F1 , ~14!

where the average now is over point of creation and direc
of exit only. We shall determine each of the two factors
Eq. ~14! separately and start by considering the density f
tor F1 .

Let us assume the electron to be in the ground state
hydrogenlike ion. Leta denote the nonrelativistic radius o
the shell, a[a0 /Z with a05\2/me25a21|C being the
Bohr radius of hydrogen~about 0.53 Å!. In the extreme case
|C!a, that is, at low atomic numbersZ, the creation point is
essentially at the origin~on the scale ofnB). Hence

K E
z0

`

dznBL→E
0

`

dznB , |C!a ~15!

which is easily evaluated as

E
0

`

dznB5
1

4p K 1

r 2L
1s

5
1

2pa2 H 1, nonrelativistic

@s~2s21!#21, relativistic.
~16!

The quantitys appearing in the relativistic result is defined

s[A12~aZ!2. ~17!

It assumes the value 0.801 for lead. It may be noted that
lead, the relativistic result~16! is about twice the nonrelativ
istic value. However, for such a heavy target the approxim
tion ~15! does not apply—for leada51.7|C .

When we go beyond the region|C!a, that is, to moder-
ate and highZ, two counteracting effects set in. One is th
relativistic effects cause a higher degree of localization of
ground state so as to produce higher numbers; this is w
Eq. ~16! shows. The other is that with|C no longer small
compared toa, the average of the integral on the left-ha
side in Eq.~15! will always be below that evaluated in Eq
~16!. Using the symmetry of the ground state we may wr

K E
z0

`

dznBL 5S 4

3
p|C

3 D 21

3E
0

|C
l ~p!2ppdp

1

2E2`

`

n1s~p,z!dz,

~18!

where l (p)52A|C
2 2p2. With a nonrelativistic hydrogenic

ground state wave function, the last integral yiel
(pa2)21(2p/a)K1(2p/a), where K1 denotes a modified
-

n

-

a

or

-

t
e
at

Bessel function. A similarly simple expression was not fou
in the relativistic case. Instead numerical calculation acco
ing to Eq. ~18! shows that the result for the density fact
when computed in units of (pa2)21 varies only very little
with the target atomic number. Within a few percent we ha
for all Z simply

F65
1

2pa2
. ~19!

As a consequence the density factor exhibits aZ2 scaling.
Concerning the cross-section factorS1 appearing in Eq.

~14!, let us first discuss the positron distributionf (E1
kin), as-

sociated with the pair creation in the nuclear field. First
note that well above threshold, this distribution is symmet
around the midpoint energy\v/22mc2. However, close to
the threshold energy, positrons tend to come out with hig
energies than their negatively charged partners. At\v
53mc2, the positron kinetic energy is on average twice th
of the electrons, cf.@16#. Despite such asymmetries whic
are intimately related to the aforementioned motion in
background potential of the nucleus, we shall assumef (E1

kin)
to be symmetric in the following. Basically, we assume t
production to be symmetric locally, and any asymmetries
considered to be due to the subsequent acceleration o
positron and deceleration of the electron as they~try to! leave
the scene. Next we note that the distribution in question
general is rather flat. At extreme relativistic energies it ha
broad minimum at the midpoint which is roughly two-third
of the maximum obtained when one or the other of t
charged particles takes all the energy available for distri
tion as kinetic energy. At moderate energies correspond
to, roughly, 20mc2 or lower, the distribution shows a broa
maximum at the midpoint energy; the falloff towards zero
the two end points of the spectrum appears only within
last 10% or so of the energy range. Actually, very close
threshold, that is, for photon energies below roughly 3mc2,
the distribution, as computed in the Born approximati
where no asymmetry appears, varies essentially asAy(12y)
wherey5E1

kin/(\v22mc2), cf. @22#. In view of the gener-
ally flat distribution we shall simply make the substitution

f ~E1
kin!→

1

\v22mc2
. ~20!

By insertion of this expression and the Rutherford cross s
tion ~13! in Eq. ~14! we end with the following estimate fo
the cross-section factor:

S1.
2pr 0

2

xB
F12

xB

g2
1

1

g2
S 1

2
2

3

4
xBD lnS g2

xB
D

2
1

g2
S 1

2
1

1

4
xBD lnS g212

xB12D1
xB

2g2
2

2
1

2g2
G , ~21!

where xB5EB /mc2 and g25\v/mc222. The factor in
square brackets tends to 1 at high photon energies and
ishes at threshold,\v5\v tr . For photon impact on hydro
genic lead, the square-bracket factor assumes values of
0.91, and 0.96 at photon energies of 1.5 MeV, 2.0 MeV, a
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3.0 MeV. Hence except very close to threshold, which in t
example appears at 1.12 MeV, the cross-section facto
well approximated by the front factor in Eq.~21!.

Collecting the above information, and multiplying by
factor of 2 by the assumption of equal probabilities f
knockout by the created electron and positron, we end
with the following estimate for the probability that enters
Eq. ~9!:

P.2
~a2Z!2

12s
52

~a2Z!2

12@12~aZ!2#1/2
, \v*2\v tr .

~22!

For aZ!1, the probability is 4a2 and it changes only
slightly for heavier elements@0.9034a2 for Z582]. In
other words, our estimate forP is essentiallyZ independent
and well approximated as

P.231024, \v*2\v tr . ~23!

Note that for energies below, roughly, twice the thresh
energy the variation due to the square-bracket factor in
~21! should be taken into account in the estimates~22! and
~23!. In this region asymmetries in the pair production sp
trum are also significant.

With an essentiallyZ- and energy-independent probab
ity, our estimate~9! for the cross section for pair creatio
with K-shell ionization, when the latter appears throu
electron-electron or positron-electron interaction, depend
atomic number and photon energy essentially as the Be
Heitler cross section for pair creation, Eq.~10!. Hence we
expect roughly aZ2 scaling as well as a saturation of th
cross section at high photon energies.

Estimates of the ionization of electrons bound in she
other than theK shell may be obtained in a similar manne
From the study of the density factorF1 for the K shell as
detailed in Eqs.~15!–~19! as well as by noting that the rad
of higher shells are considerably larger than that of theK
shell it is plausible to apply the approximation

F6.
1

4pK 1

r 2L
nl

nr

.
1

2pa2n3~2l 11!
, ~24!

where the superscript nr stands for nonrelativistic andn and
l are the main and orbital angular quantum numbers. To
tain the last result, a hydrogenlike ion was again assum
For the cross-section factorS1 the expression~21! still ap-
plies. Consequently, the estimate corresponding to Eq.~23!
reads

Pnl.
231024

n~2l 11!
, \v*2\v tr . ~25!

As before the estimate is per electron in the particular st
With Eq. ~25! the total probability for any completely filled
shell is

Pshell.431024, \v*2\v tr . ~26!

For the case of lead or gold the total probability for ionizi
the atom following a pair creation event would hence end
near 1.831023 in this simple model.
s
is

p

d
q.

-

n
e-

s

b-
d.

e.

p

B. Pair creation in the field of a bound electron

Different from the mechanism discussed in the preced
section where one member of the electron-positron pair p
duced in the nuclear field collides with a bound electron,
the case of pair creation by a photon on an initially bou
electron the presence of the nucleus is not required by k
matics. Due to change in mass of the particle producing
field the threshold energy for pair creation is different fro
that encountered in the preceding subsection. In particu
for a pair to be produced in a collision of a photon with
electron at rest the photon energyv must exceed 4mc2, i.e.,
twice the threshold energy for pair creation in the nucle
field. In order to have a more compact notation we use in
subsection natural relativistic units (\5m5c51), unless
otherwise stated. In these units length is measured in unit
the reduced Compton wavelength|C while momentum and
energy are measured in units ofmc andmc2, respectively.

The differential cross section for pair production in th
field of free unpolarized electrons was derived by Votru
@24# in lowest order perturbation theory. Compared with t
Bethe-Heitler cross section for nuclear pair production b
photon given in Eq.~10!, the calculations are considerab
more complicated due to recoil and exchange effects. M
precisely, retardation effects become important since the
coil velocity of the initial electron is not negligible in com
parison with the speed of light. In addition, one has to ta
into account exchange terms which are associated with
indistinguishability of the two electrons and also radiati
corrections.

In the lowest order of QED this process is described
elements of the third order scattering matrixSQED

(3) connecting
one photon state and three fermion states, i.e., two elect
and one positron, and one has to consider a total of e
Feynman diagrams when the four exchange diagrams ar
cluded. In the corresponding direct Feynman diagra
shown in Figs. 1~a!–1~d! the incoming photon and the initia
electron have four-momentak andpi , and the outgoing lep-
tons have momentapf ,pe , andpp , respectively. While dia-
grams 1~a!–1~d! contribute also in the case of nuclear pa
production, the additional four exchange diagrams (aex) –
(dex) are associated with the indistinguishability of the tw
electrons in the final state. These diagrams are obtained f
the direct ones by interchanging the electron momentapf
andpe in the final states. Due to the considerable complex
of the expressions associated with these eight Feynman
grams which require the evaluation of traces contain
products of up to six Dirac matrices inuSQED

(3) u2 the common
practice was to use approximations, either by consider
nonrelativistic or high-energy limits@24#. By nonrelativistic
limit is meant the region of photon energiesv24m!m. In
addition, extensive numerical calculations were performed
@25# where the cross section for electron-positron pair p
duction by unpolarized photons on free electrons was co
puted for a wide range of photon energies.

Only relatively recently was an exact expression for t
cross section of triplet production, i.e., pair creation in t
field of a free electron, obtained by integrating analytica
the fully differential cross section over the angles of the o
going electrons, without any approximations@26#. The re-
sulting energy-differential cross sectionds/dEp with respect
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FIG. 1. Feynman diagrams for pair creation by
photon in the field of an electron. Diagrams~a! and ~b!
are referred to as Borsellino diagrams, and t
Compton-like diagrams~c! and ~d! are namedg-e dia-
grams. The corresponding exchange diagrams (aex) –
(dex) are obtained by interchanging the final electr
lines, i.e., the four-momentapf and pe of the electrons
in the final states.
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to the positron energy is thus evaluated by a one dimensi
numerical integration over the angleqkp between the mo-
mentakW and pW p of the incoming photon and the produce
positron, respectively. As a result of this important progre
the accuracy of the previous approximations as well as of
numerical cross-section calculations associated with this
cess could be rigorously determined.

In particular, it is seen that while the threshold appro
mation to the total cross section for triplet production@24#

s threshold5ar 0
2 pA3

4335
~k24!2, ~27!

is valid only very close tov5k54, the results obtained in
@25# by direct numerical integration are correct: For phot
energies 4<v<16 there is a good agreement with the r
sults of Haug@26#, the relative differences being less tha
1.2%. In addition, the cross sections obtained in@26# cover
the range of photon energies 4.001<v<53103, confirming
Borsellino’s results@27# for photon energies above 8 MeV
Borsellino @27# and Ghizzetti@28# have derived analytic ex
pressions for the total cross section by neglecting the Fe
al

s,
e
o-

-

-

n-

man diagrams associated with the interaction of the ini
electron with the photon, i.e., the so-calledg-e diagrams, as
well as exchange effects: More precisely, they consider o
diagrams~a! and~b! in Fig. 1. It is explicitly demonstrated in
@25# that the neglected diagrams provide contributions w
mutually opposite signs, such that they partially cancel
for v>15. In addition, Borsellino derived a tractable a
though lengthy expression for the recoil momentum distrib
tion dsB /dq, which turns out to be particularly useful fo
the present investigation.

Returning to the process in which an incoming phot
creates a pair in the field of an initially bound electron o
has to take into account also atomic binding effects. In ot
words, the outer and inner fermionic lines in Fig. 1 have
be associated with Coulomb-distorted wave functions a
external-field Green’s functions for electrons and positro
respectively. However, the exact solution of such a treatm
incorporating the electron-nucleus interaction exactly to
orders inaZ and the interaction with the incoming photon
third order is an extremely difficult task. Instead one m
follow the approach of Maximon and Gimm@29# ~see also
@30#! in which atomic binding effects are accounted for a
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proximately by considering inelastic scattering. In this sp
cific approach the total cross section for pair creation in
field of a bound electron by a photon with momentumk is
written as

s~k!5E
qm

q0
dqI0n~q!

ds f

dq
1E

q0

qM
dq

ds f

dq
, ~28!

where ds f /dq is the recoil-momentum differential cros
section, andI 0n(q) is the incoherent scattering function a
sociated with all possible excited statesnÞ0. For large mo-
mentum transfers,q>q0 , one hasI 0n(q)→1 such that the
electron is treated as free. For a discussion of the scatte
function and related quantities see, for instance,@34,35#. The
incorporation of binding effects through the scattering fun
tion I 0n(q) is justified as long as the relevant momentu
transferq is small compared to momenta of the created f
mions @30#. For the special case of a hydrogenlike ion in
ground state considered in the following one may use
relativistic expression for the incoherent scattering functi

I 0n~q!512Fsin~2s tan21Q!

2sQ~Q211!s G 2

, ~29!

whereQ5q/(2aZ) and the quantitys is defined in Eq.~17!.
The integration limitsqm and qM in Eq. ~28! are the ki-

nematic limits for the momentum transfer. For an initial ele
tron at rest (pW i50W ) one has

qW 5pW f5kW2pW e2pW p , ~30!

such that the allowed values for the recoil momentumqm
<q<qM are obtained in the laboratory system as

qm5
k~k21!2~k11!Ak~k24!

2k11
, ~31!

qM5
k~k21!1~k11!Ak~k24!

2k11
. ~32!

One may note that in the limit of very high photon energ
the recoil momentum lies in the range 2/k<q<k. In Eq.
~28! q0 , which lies betweenqm and qM , is chosen so tha
I 0n(q.q0).1. Since the contributions associated with t
six diagrams~c!, ~d!, and (aex) –(dex) in Fig. 1 are important
for large momentum transfer, i.e.,q@1, only the second in-
tegral in Eq. ~28! is relevant for these diagrams, see, f
example,@29#. As a consequence, the first integral in E
~28! contains only the contribution of diagrams~a! and~b! of
Fig. 1, enabling us to rewrite the total cross section as

s~k!5E
qm

qM
dqH dsB

dq
1S ds f

dq
2

dsB

dq D2@12I 0n~q!#
dsB

dq J
2E

qm

q0
dqS ds f

dq
2

dsB

dq D1E
q0

qM
dq@12I 0n~q!#

dsB

dq
,

~33!

where we introduced the differential cross sectiondsB /dq
associated with Figs. 1~a! and 1~b! as derived by Borsellino
-
e

ng

-

-

e

-

s

.

@27#. While the last term in this expression vanishes by co
struction due toI 0n(q).1 for q>q0 , the next to the last
integral can be neglected since the cross sectionss f andsB
differ only in the contributions provided by the Compto
like and exchange terms, i.e., diagrams~c!, ~d!, and (aex) –
(dex) in Fig. 1. As mentioned before, these contributions a
negligible for small momentum transfersq<q0 . As a result,
the final expression for the pair production cross section
the field of a bound electron may be written in the for
given by Maximon and Gimm@29# as

s~k!5sB~k!1DsH~k!2DS~k,Z!. ~34!

The largest contribution in this expresson is provided by
first term

sB~k!5E
qm

qM
dq

dsB

dq
, ~35!

which represents the pair creation cross section in the fiel
a free electron by considering only the first two diagrams~a!
and ~b! in Fig. 1, i.e., the Borsellino diagrams. The seco
term in Eq.~34!,

DsH~k!5E
qm

qM
dqS ds f

dq
2

dsB

dq D , ~36!

is associated with the remaining six diagrams of Fig. 1, i
the Compton-like and exchange diagrams. From Hau
work @26# one may see that for incident photon energiesv
>15 the correctionDsH(k) is always less than 1.2% of th
total cross sections f(k) in the field of a free electron. On th
other hand, for photon energies 4,v,15 the Compton-like
and exchange contributions are important andsB(k)
.s f(k) so that the correction termDsH(k) is always nega-
tive in this energy range. The last term in Eq.~34!,

DS~k,Z!5E
qm

qM
dq@12I 0n~q!#

dsB

dq
, ~37!

which is associated with screening effects, gives a nonv
ishing contribution only for small momentum transfer, i.e
qm<q<q0,1. As we noted in the discussion following Eq
~28!, for large momentum transfer the incoherent scatter
function I 0n(q)→1, such that@12I 0n(q)#→0, for q>1.
The quantity ZDS(k,Z) was calculated numerically an
tabulated in@29# as a function of the photon energy for var
ous elements up to lead.

In order to proceed further we consider in the followin
the total cross sectionsB(k) for pair creation in the field of
a free electron as derived in@27,28# by a direct evaluation of
diagrams~a! and ~b! in Fig. 1. In addition to an analytica
expression of the total cross section in terms of an expan
in successive powers of 1/k through 1/k7 @28#, in @27# an
explicit representation of the differential cross secti
dsB /dq is given in the form
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dsB~k,q!

dq
5

ar 0
2

k2 FA~q,k!1B~q,k!E
qm

q

dq8C~q8,k!G
3

q

W~W21!2
. ~38!

Here, the quantity

W5Aq211 ~39!

is the energy associated with the momentum transferq. The
different momentum-dependent contributionsA(q,k),
B(q,k), andC(q,k) in Eq. ~38! are explicitly given in@27#,
and will not be repeated here. In addition, in@29# the integral
in Eq. ~38! could be expressed in terms of dilogarithms, i.

E
qm

q

dq8C~q8,k!5
1

2H ln T ln
~T1W!22q2

T~W1q!

1L2S 2
T

W1qD2L2F 21

T~W1q!G J ,

~40!

such that the differential cross section~38! is further simpli-
fied. In the last expression the quantityT is defined as

T5k~q2W11!2W1A@k~q2W11!2W#221,
~41!

and

L2~x!52E
0

x

dt
lnu12tu

t
~42!

represents the dilogarithm function@31#.
In Fig. 2 we show the differential cross sectiondsB/dq

for a free electron as a function of the momentum transfeq
for different photon energiesv510, 50, and 100 MeV, re-
spectively. It is seen that with increasing photon energies
recoil-momentum distributions attain their maxima at low
and lower values of the momentum transferq. In addition,

FIG. 2. Recoil-momentum differential cross sectiondsB /dq for
pair creation by a photon on a free electron as a function of
momentum transferq for different values of the photon energy.
,

e
r

the maxima of the curves depicted in this figure beco
larger and larger in magnitude with increasing values of
photon energy.

The comparison of these momentum distributions w
the corresponding exact distributionsdsCoul/dq associated
with pair production in a static Coulomb potential withZ
51 as derived by Jost, Luttinger, and Slotnik@33# provides
further insight. In the work of Maximon and Gimm@29# it is
shown that in the region of very small momentum trans
the differential cross sectionsdsB /dq and dsCoul/dq ap-
proach the same distributions in the limit of high phot
energies. On the other hand, for relatively high moment
transfers there are differences between these differe
cross sections that are in general smaller than a factor
roughly, 2 @29#. Suh and Bethe@32# showed that for very
small momentum transfer, i.e.,q!1, the recoil energy taken
by the particle producing the field is negligible compared
its rest mass, regardless of whether it is an electron o
nucleus. As a result, for photon energies of several hund
MeV and higher the recoil-momentum differential cross s
tion dsB /dq approaches the same limiting distribution
dsCoul/dq, and the associated total cross sectionssB and
sCoul are essentially identical. However, with decreasi
photon energy the differences between the two rec
momentum differential cross sections become larger
larger such that for photon energies around 10 MeV the t
cross sectionsCoul exceeds the cross sectionsB by a factor
of 2 @29#.

Having discussed the recoil-momentum differential cro
sectiondsB /dq, we are now in a position to calculate th
contribution of the mechanism of pair production in the fie
of the bound electron to the vacuum-assisted photoioniza
cross section. Since in the case of a bound electron mom
tum can be transferred both in excitation and ionization o
has to exclude the channels in which the atom ends up in
excited state. This may be achieved in the simplest appr
mation by requiring that the allowed minimum momentu
transferqm equals the momentumqcut given by

qcut5A~11EB!221, ~43!

which is needed to ionize the bound electron. Here,EB rep-
resents the binding energy of the initial electron as given
the Sommerfeld formula for hydrogenlike ions,EB51
2A12(aZ)2 for the 1s state. Neglecting screening effec
and the correctionDsH(k) in Eq. ~34!, which are of minor
importance in the energy range studied here, the total c
section s2(k) for the vacuum-assisted photoionizatio
process—regarded as pair creation in the field of a bo
electron with the ionization of that electron—may be writt
as

s2~k!5E
qcut

qM
dq

dsB

dq
, ~44!

with the maximum allowed momentum transferqM from Eq.
~32!.

C. Pair creation with subsequent annihilation

Positron annihilation is an additional source of vacan
production. Following the initial conversion of the incomin

e
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photon into an electron-positron pair, the positron may w
subsequently annihilate on an inner-shell electron. The fi
product is an atom with an inner-shell vacancy, and an e
tron and two photons leaving the scene. In this subsection
shall estimate the strength of this channel through const
tion of a simple model along the lines of Sec. III A.

Let us assume the initial photoconversion to happen in
field of the atomic nucleus. All that is needed in order
estimate the relative strength of the annihilation channe
then an estimate of the probabilityPann that the positron,
once created, will annihilate with an inner-shell electron. T
ratio of Pann to the probability computed in Sec. III A, cf
Eqs. ~22!, ~23!, and ~25!, will provide the estimate of the
relative strength of the annihilation channel.

By the assumption of annihilation being a localized ev
requiring the annihilation partners to be at the same spo
space, the annihilation probability assumes a form simila
the knock-out probability given in Eq.~14!, that is,

Pann5E
0

\v22mc2

dE1
kinf ~E1

kin!sann~E1
kin!3K E

z0

`

dznBL
[Sann3F1 . ~45!

The density factor is the same as before, cf. Eqs.~19! and
~24!. Determination of the requested ratio is hence reduce
determination of the ratioSann/2S1 , where the factor of 2 in
the denominator appears by the assumption of equal kn
out probabilities for electrons and positrons with equal
locities.

The cross section for~two-photon! annihilation of a non-
relativistic positron on a free electron at rest reads

sann
rest5pr 0

2/b1 , ~46!

cf. @16#. As before,b1 is the speed of the positron in units o
c. Let us assume that the same expression holds for an

FIG. 3. Cross section for creation of aK-shell vacancy for lead
(Z582) for different photoionization processes as a function of
photon energy. The dashed-dotted line corresponds to the Com
effect and the dotted line to the photoelectric effect. Vacuu
assisted photoionization is represented by the dashed line~mecha-
nism 1, i.e., pair production in the nuclear field with subsequ
e6-e2 encounter! and by the solid line~mechanism 2, i.e., pai
production in the electron field!, respectively. The cross sections a
per K-shell electron.
ll
al
c-
e

c-

e
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e
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hi-

lation on an electron in bound motion only with replaceme
of the positron velocity by the relative positron-electron v
locity. An upper limit of the cross-section factorSann for
annihilation on aK electron is hence provided by replacin
b1

21 in Eq. ~46! by mĉ p21&1s . For the ground state of a
nonrelativistic hydrogenlike ion this amounts to 16/(3paZ).
Altogether we have

Sann&
16r 0

2

3aZ
. ~47!

Comparison with Eq.~21! shows that, in general, the cros
sections3 for vacuum-assistedK-shell vacancy production
via annihilation is relatively small compared tos1 , namely,

s3

s1
&

2

3p
aZ. ~48!

For a lead target, the right-hand side amounts to, roug
1/8. Close to threshold the square-bracket factor of Eq.~21!
should be included but it does not significantly change
result. In conclusion, the magnitude ofs3 is nowhere sub-
stantially larger than the uncertainty with which we ha
determined the cross sections1 .

IV. RESULTS

In the preceding section we investigated the contributio
to vacuum-assisted photoionization of inner-shell electr
by three different mechanisms that we assumed not to in
fere with each other: pair production followed by electro
electron or electron-positron interaction~Sec. III A!, pair
production in the field of the bound electrons~Sec. III B!,
and pair production followed by the annihilation of the po
itron with the inner-shell electron~Sec. III C!. The cross sec-
tions for the three mechanisms are referred to ass1 ,s2 , and
s3 , respectively.

e
ton
-

t

FIG. 4. Cross section for creation of aK-shell vacancy for cal-
cium (Z520) for different photoionization processes as a funct
of the photon energy. The dashed-dotted line corresponds to
Compton effect and the dotted line to the photoelectric effe
Vacuum-assisted photoionization is represented by the dashed
~mechanism 1, i.e., pair production in the nuclear field with sub
quente6-e2 encounter! and by the solid line~mechanism 2, i.e.,
pair production in the electron field!, respectively. The cross sec
tions are perK-shell electron.
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Figure 3 shows the cross section for creation of aK-shell
vacancy in lead (Z582) for the different photoionization
processes discussed in the present paper except for the
hilation channel. In the preceding subsection it was sho
that the contribution associated with positron annihilation
small, which is the reason the corresponding cross sectio
not displayed in this figure. The curves are drawn using ta
lated values@20# for the photoelectric effect and Compto
scattering, respectively, Eqs.~9!, ~19!, and~21! for s1 with
the product of the quantities on the right-hand side of
latter two making up half of the probabilityP appearing in
Eq. ~9! and with tabulated values@20# for the nuclear pair
production cross section. For the cross sections2 associated
with pair creation in the field of a bound electron we use E
~43! and ~44! as discussed in Sec. III B. Note that the cro
sections are given per electron and one has to multiply b
factor of 2 to account for bothK-shell electrons. From Fig. 3
one can see that the cross section for the creation ofK
vacancy in Pb at photon impact energies below 1 MeV
dominated by the photoelectric effect. However, with
creasing photon energy the photoelectric cross section
creases as a high negative power of the photon energy
then~above 10 MeV! as the inverse of the photon energy, s
Eq. ~5!. The Compton cross section exhibits a slightly slow
falloff, see Eq. ~7!. In contrast, the contribution from
vacuum-assisted photoionization increases with increa
photon energy, starting from a threshold of approximatel
MeV for s1 and 2 MeV fors2 .

The contributionss1 and s2 saturate at 7.5 mb and 2.
mb, respectively. The most important result displayed in F
3 is that the total cross section of vacuum-assisted photo
ization becomes comparable to the cross section of photo
ization through Compton scattering and photoelectric eff
for approximately 100 MeV photons and it dominates
higher energies. At 1 GeV, 90% of the cross section
creating aK vacancy is due to contributions from vacuum
assisted photoionization. This very interesting theoret
prediction can be tested experimentally with 1 GeV photo
that are becoming available at several accelerator facilit
for example, through backscattering of laser photons on th
GeV electron beam at the European Synchrotron Radia
Facility ~ESRF! in Grenoble, France. At even higher ene
gies the removal of any atomic electron by photon imp

FIG. 5. Vacuum-assisted photoionization cross sectionss1 and
s2 associated with pair creation in the nuclear and electron fi
respectively, as functions of the target atomic numberZ. The upper
curve corresponds to the sums11s2 .
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will proceed almost exclusively through the vacuum-assis
process.

Pair production followed by electron-electron or electro
positron interaction provides the largest contribution to
cross section for the creation of aK-shell vacancy in Pb. This
situation is reversed for Ca (Z520) as shown in Fig. 4,
where the largest contribution to the cross section com
from pair production in the field of a bound electron (s2).

This behavior is more clearly seen in Fig. 5 where t
cross sections of the two mechanisms are shown as a f
tion of the target atomic numberZ. Pair production on a
bound electron dominates for low-Z targets then decrease
steadily as a consequence of the increased binding en
which requires higher and higher momentum transfer to f
the electron. The contribution from the pair production in t
nuclear field followed by electron-electron or positro
electron interaction increases almost as the square of
nuclear charge and subsequently dominates for high-Z at-
oms. Unlike the individual contributions, the sum of th
cross sections of the two mechanisms changes by at m
30% over the whole range of atomic targets and exhibit
broad minimum aroundZ520.

Finally, as we move to higher shells, the contributions
photoionization from the photoelectric effect, Compton sc
tering, and pair production are very different. The photoel
tric effect brings almost no contribution to the creation o
vacancy in the higher shells while for Compton scattering
probability is proportional to the number of electrons in th
shell. The contribution from vacuum-assisted photoioni
tion is somewhat more complicated because of the very
ferent behavior of mechanisms that contribute to the to
cross section. As can be seen in Eq.~26!, the probability to
create a vacancy in any filled shell through the first mec
nism (s1) is a number that approximately does not depe
on the shell according to our simple model. The situation
again different for the second mechanism (s2) for which the
probability to create a vacancy in any filled shell is propo
tional to the number of electrons in the shell multiplied by
factor between 1 and 4. This factor is higher for the high
shells. The multiplying factor is related to the binding ener
of the shell that in turn dictates the minimum momentu
transfer to free the bound electron, and hence its variatio
similar to that ofs2 in Fig. 5 which never exceeds a facto
of, roughly, 3.

V. CONCLUDING REMARKS

In the present paper we make several approximations
build simple models to make the calculation of vacuu
assisted photoionization somewhat tractable. The price
pay, of course, is that our results should be considered m
as a first estimate of the contribution of vacuum-assis
photoionization to the total photoionization cross sectio
The most important prediction of our calculations is th
vacuum-assisted photoionization will dominate the oth
known photoionization processes at high energies. An in
esting parallel can be made with capture from pair prod
tion which dominates charge transfer in relativistic heavy
collisions. This highlights the crucial role that the negativ
energy continuum plays in the relativistic regime in atom
collision processes. As we have seen, there are many ph
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insights to be gained by our somewhat simple models. H
ever, a close look at the extensive literature on photo dou
ionization will reveal several important limitations of th
present calculations. For example, we used a semiclas
picture for the first vacuum-assisted mechanism (s1), and
neglected the interference between the creation of the
and the subsequent electron-electron or electron-positron
teraction. This is obviously a gross approximation that
probably quite innacurate for high-Z atoms since the size o
the K shell is comparable to the volume in which the pair
produced. As we pointed out in the Introduction, vacuu
assisted photoionization is in some sense similar to a ph
double-ionization process. In particular, this means that
,
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powerful theoretical tools developed in extensive studies
photo double ionization of atoms may be extended to
velop a more rigorous relativistic description of vacuum
assisted photoionization.
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